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ABSTRACT

The prospect of obtaining desired surface-mediated characteristics while retaining
bulk-mediated physical properties and avoiding potential environmental issues with wet
chemical technology lends considerable appeal to photochemical approaches to surface
modification.
We undertook a combined experimental and computational approach to
investigate the effect of deep UV irradiation on the polyethylene terephthalate (PET)
surface. Its response to 172 nm UV from a xenon excimer lamp in the absence of oxygen
was characterized with X-ray Photoelectron Spectroscopy (XPS), Time of
Flight/Secondary Ion Mass Spectrometry (ToF/SIMS), transmission infrared
spectroscopy (IR), and Atomic Force Microscopy (AFM). The surface chemistry details
suggested that the primary photochemical reactions involved a Norrish type I based
decarbonylation and a Norrish type II process yielding terminal carboxylic acid groups,
consistent with the possible photochemistry from n-rc type lowest singlet excited states
of PET according to the computational modeling results. By directly populating n- t i *
type excited states, 172 nm UV promoted effective surface photochemistry of PET with
further helps from the high UV absorptivity and the high surface mobility of the
molecules.
Utilizing this active surface radical chemistry, a new grafting strategy was
developed to impart desirable functional properties to the surface. A broad range of
grafting chemicals can be employed in their vapor forms, demonstrated with an alkene or
an alkane. Surface analysis with XPS, ToF/SIMS, AFM, and water contact angle
measurements confirmed the effectiveness of the approach, supporting the notion of the
surface radical initiated processes.
A potentially useful anti-stain/soil coating was developed by grafting with a
fluorocarbon species. Surface analysis suggested that the grafted fluorocarbon formed a
nano-scale self-assembled monolayer. The coating had a similar water contact angle as
that of a pure fluoropolymer but a better oil repellency due to the special molecular
orientation in the graft layer.
A potential antimicrobial application was demonstrated with amine chemicals.
Structure characterization and computational modeling results suggested that the
photochemistry of the UV active grafting chemicals also played an important role in the
grafting process. A double bond structure in the amine species protected the amine
functional groups and the resulting coating demonstrated antimicrobial activity against E.
Coli.

xiv
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2

CHAPTER I
Introduction

1.1. Polyethylene terephthalate
Polyethylene terephthalate (PET) is one of the most common polymers produced
and consumed worldwide. Dickson and Whinfield of the Calico Printer Association of
the United Kingdom first patented this material in 1941, after advancing the early
research of Wallace Carothers. They produced polyethylene terephthalate from the
condensation reaction of ethylene glycol with terephthalic acid:
HOOC-

— c o o n + h o - c h 2—c h 2- o h

► -£ooc—

^ — c o o c h 2c h 2^ -

+ h 2o

Transesterification of dimethyl terephthalate with ethylene glycol was later employed in
the industry to produce PET resins.
CH3OOC—

— COOCH3 + h o -

HOCH2CH2OOC— (.

- £oOC—

c h 2— c h 2- o h

/)— COOCH2CH2OH

COOCH2CH2j -

+

------- ► HOCH2CH2OOC—

— COOCH2CH2OH

(2)

---------- ►

HO-CH2—CH2-OH

In 1941, Imperial Chemical Industries (ICI) created the first polyester fiber called
Terylene. The second polyester fiber was Dupont's Dacron, produced at a pilot plant with
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3
modified nylon technology in 1950. Due to the excellent mechanical properties of the
polyester fiber, PET is one of the most important raw materials for man-made fibers with
enormous scale of PET fiber production - more than 8.3 million metric tons in 2002 [1].
In addition, PET has taken the global markets over as the material of choice for beverage
bottles in the last ten years because of its good barrier properties against oxygen and
carbon dioxide. Of course, the application of PET is not just limited to plastic bottles and
fibers. It can also be used as general packaging films or food trays for oven use, roasting
bags, audio/video tapes as well as mechanical components etc. In short, PET is now a
major polymer for it superior functional properties including:

•

Transparency

•

Lightweight

•

Chemical and mechanical resistance

•

Protective barrier

•

100% recyclability

1.2. Surface modifications
Although bulk properties of a material are critical for its applications, special
surface properties may be very desirable as the polymer surfaces interface with people
and the world. For PET used as textiles, it is very tempting to have a surface with good
anti-stain and anti-soil performance so that there would be less laundry needs. An anti
microbial functional surface would also be highly valuable in terms of limiting the spread
of pathogens in our living environment or prolonging the shelf life of fresh produce

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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packed in such materials. However, most has to be achieved with little additional cost due
to the day-to-day application nature of the majority of the polymer products.
It is commonly practiced in the coatings industry to pretreat polymers by means
of flame treatments, plasma treatments, and corona treatments to increase the wettability
of the substrate and promote the adhesion of the coating. It involves removing
contaminants or oxidizing the polymer surface to create hydroxyl, carboxylic or
carbonylic groups. Other functionalities were very difficult to be introduced to the
surface by such means due to their vulnerability to decomposition.
For anti-stain/soil or antimicrobial surface modifications, we need to consider
relatively benign processes, such as melt coating, solution coating, and UV curables.
While coating a polymer surface with a thick layer of a specialty polymer melt should in
no doubt change the surface property, this process may adversely affect the bulk
performance and may be overly costly. Solution coating used to achieve fabric protection
or anti-microbial activity may not be adequately durable toward dry cleaning. The use of
environmentally unfriendly solvents and leaching of the surface finishes into the
environment may also be an issue. Alternatively, UV curables will readily form a durable
grafted layer, transforming the surface properties. It is also considered to be an
environmentally friendly process as no solvent needs to be involved and all of the
components in the UV curable system react to form the polymer coating networks. The
caveat is that much current technology requires expensive photoinitiator and stringent
selection of monomers. Thus UV curing is often limited to relative high value-added
applications such as fiber optics, furniture, and health care products.
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5
We are therefore motivated to seek an affordable UV surface treatment
technology. Considering the fact that UV degradation of polymer often involves a radical
process [2], i.e., active polymer radicals might be created on the surface, it would be
plausible to make use of those radicals for grafting purposes. This approach would
naturally eliminate the need of using photoinitiators. More choices of grafting agents are
also possible since such grafting process would start with polymeric radicals instead of
small initiator radicals and hence no longer requires the use of polymerizable monomers
to form the grafted coatings. However, the challenge of such an approach lies in
producing a sufficient number of surface radicals in a reasonably high rate to make the
grafting process practical. The quantum yields of polymer radicals are generally very low
due to the rigidity of the solid matrix since the radicals formed by the breaking of a bond
are constrained to stay close to each other and they have a high probability to recombine
to release thermal energy [3]. This limits the use of broadband-UV sources, as such UV
sources are emitting in a wide UV range. The resulting different penetration depths in the
polymer lower the efficiency in surface modification. There may also be a large amount
of IR radiation leading to unwanted thermal processes. Although using proper filters can
block out some unwanted irradiations to the polymer surface, long irradiation times are
needed due to the lower available power density of the broadband UV sources. Hence a
high intensity wavelength-selective UV source is especially appealing as the rate of
radical production will benefit from the high photon flux and the narrow wavelength
targeted at critical absorption ranges that can enhance the surface radical production.

1.3. UV source

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Two types of UV sources best fit our need of high intensity and wavelengthselective sources: excimer lasers and excimer lamps. Both UV sources operate via the
formation of excimers (excited molecular complexes) under non-equilibrium discharge
conditions. Typical excimers are rare-gas dimers and rare-gas/halogen exciplexes, formed
by three-body reactions. Since these excimer complexes are very unstable, they
disintegrate typically within a few nanosecond and release the excitation energy as
spontaneous emission or, in the case of lasing, stimulated emission. The transition from a
bound excited state to the repulsive ground state leads to photon emission with a narrow
spectral distribution, typically a few nm, even in the case of excimer lamps [4]. The
absence of a bound ground state means that excimer light is free from self-absorption, in
contrast with other gas discharge lamp emissions.
Surface modifications of polymers were once carried out predominantly with
excimer lasers [5-7] because of their high peak intensities and the availability of high
photon fluxes at different strategic UV wavelengths: 157 nm (F2 *), 193 nm (ArF*), 222
nm (KrCl*), 248 nm (KrF*), 308 nm (XeCf), and 351 nm (XeF*). However, high
equipment and operation cost, small beam size limited power, and uneven beam energy
profile limited the application of such UV source. With the advantage of low cost, as low
as -1% of excimer laser operation, and the ease in processing large surface areas, novel
excimer lamp UV sources emerged at early 90s [4, 8-10] are the most promising high
intensity monochromatic UV sources for our surface modification applications. Narrow
band radiations at about twenty different wavelengths can be achieved with different
excimer combinations, spanning from 126 nm (Ar2*) in the extreme VUV to 558 nm
(HgCl*) in the visible [4, 8], The maximum achievable optical power density at the
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radiating surface can reach peak values of a few kilowatt per centimeter square and
average values up to 1 W/cm2 with proper lamp designs [10].
We are particularly interested in Xenon excimer irradiation centered at 172 nm.
First, the 172 nm UV is strongly absorbed by PET, enhancing the photochemical
transformation in the surface layer. Second, the 172 nm UV is absorbed into the same
absorption band as 185 nm (low-pressure mercury discharge) [3] and 193 nm (ArF*
Laser) [3, 11] that was shown to lead to efficient surface photochemistry. Third, it is
much easier to handle the chemically stable noble gas than corrosive halogens. A welldesigned Xenon lamp may last as long as those incandescent light bulbs used everyday.
Whereas, fluorine fills for ArF* excimer may soon destroy the lamp, commonly made of
high quality quartz. Thus the use of the 172 nm UV for surface modification would be
highly desirable.
Figure 1.1 shows a picture of dielectric barrier discharge Xenon excimer lamp of
our own construction. A detailed review of such lamps may be found in Ref. 4. The
annular lamp configuration consists of an inner quartz tube to carry cooling water, an
annular space for the active gas, and a 43 mm diameter outer Suprasil® quartz tube, 50
cm in length, capable of irradiating large surface area. The inner electrode is immersed in
high purity water (>18 MQ), which is circulated by a Neslab I unit, exchanging its heat to
the house chilled water system with a rated capacity of 12 kW. The outer cylindrical
electrode is made of wire mesh for the transmission of UV. The annular gap is filled with
undiluted Xenon gas (Spectra Gas Laser Grade) at atmospheric pressure to produce 172
nm UV. The lamp is isolated from the atmosphere by a buffer bottle and a bubbler filled
with vacuum pump oil, so as to avoid pressurization. A discharge is initiated by applying

Reproduced with permission o f the copyright owner. Further reproduction prohibited without permission.
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Fig. 1.1. Xenon excimer Dielectric Barrier Discharge lamp system for PET
irradiation.
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an alternating high voltage of a few kV and 100 kHz from 6 kW supplies built by
ILT/FhG at Aachen in Germany. The lamp is enclosed within a coaxial polycarbonate
cylinder, sealed at the ends and continuously swept by boil-off from liquid nitrogen.
Additional gas lines may be used as needed. A detailed lamp operation is described in the
appendix.

1.4. Deep UV photochemistry of PET
For the last two decades, much of the research with deep UV source was focused
on dry etching via ablative (excimer laser) [5-7] or non-ablative (excimer lamps) [9,10,
12] photodecomposition due to the initial interests in potential applications of
microelectronic, optics, packaging technologies, and surgery [13-16]. There, the highenergy photons were used more or less as a form of “brutal force” to remove polymer
surface layers to acquire the desired surface structures. Optical effects, thermal effects,
photodecomposition, and photooxidation all come into play in such processes. The etch
rates and topography were most frequently monitored as the target properties [17]. Only a
handful data have been reported about PET photochemistry based on XPS studies of the
surfaces irradiated by monochromatic UV sources including 254 nm [3], 248 nm [18],
222 nm [19], 193 nm [11], and 185 nm UV [3], under controlled atmosphere, described
in detail in chapter n. Most suggested that the photochemistry involved a deoxygenation
process to various levels under UV exposures without much insight about what were the
structures created or how the photochemical yields were affected by the UV wavelength,
as XPS could only resolve limited chemical information about the surface. With the help
from tagging species to react with surface functional groups, Lazare and Srinivasan [3]
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reported the formation of carboxylic acid, hydroxyl, olefin groups on the UV treated
surfaces. They further proposed a set of photochemical reactions to account for the
observed kinetic relationships between intensities of different tagging species when
exposed to 185 nm mercury light for durations up to 300 minutes under vacuum. A
Norrish type II rearrangement is believed to be the primary photochemistry, followed by
decarbonylation.

J \
W

^ w

Q

'O '

C'/wv

►a—^

-

O'

—c.

H
O'
— Cx C

— COOH

^

—coon + ch2-ch^

— OH + CO

Since the primary photochemistry only involves a short-lived transition diradical [20], it
suggests that PET may have very limited ability to initiate a grafting process upon
irradiating with 185 nm UV. Hence the proposed grafting approach with polymeric
radicals may not be applicable in PET system.
However, earlier research about PET photochemistry by Day and Wiles [21-24]
with broadband UV source suggested otherwise. They believed that a primary
photochemistry involving Norrish type I bond scission, followed by a radical
disintegration, comprised a major contribution to the observed decarbonylation.
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Thus, a rich radical chemistry induced by active phenylene or ethoxy radicals may
present on UV irradiated surface and may enable an efficient grafting process.
It is clear that we need to first undertake detailed investigation to reveal the true
nature of PET deep UV photochemistry, especially at 172 nm, before any schemes of
new grafting processes could be confidently employed to modify PET surfaces.

1.5. Routes to our objectives
We will take an integrated approach of experimental analysis and computational
modeling to gain insight into the photon-molecule interactions and to achieve our goal of
developing UV driven alternatives for UV curable systems. Each approach has its own
advantages and disadvantages. With the experimental approach, we are dealing with a
physical system governed by physical laws of the universe and no approximations were
made. Observations made with various instruments based on yet another set of principles
was used to infer the physics of the molecular interaction with UV photons. Two
challenges are apparent with the experimental approach. For one, it is difficult to obtain a
good control of the experimental system to let just a particular set of physics come to play.
For instance, in the study of the deep UV photochemistry of PET, we need to have a
controlled photon source that delivers a known spectrum of photons at a known flux. We
need to avoid complication from photooxidation. We need to control the morphology of
polymer to understand its effect etc. The correct interpretation of instrumental analysis
data is the other challenge. For instance, the interpretation of the elemental compositions
from XPS data of a uniform sample is reasonably straightforward but resolving the
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chemical information is not. Correct understandings of the layered surface structures or
surface derivatization results are somewhat more complicated. Further, the interpretations
of IR or ToF/SMS data are certainly not trivial. On the other hand, computational
modeling provides a well-controlled system to study, involving only known entities and
understood physical laws in the modeling process, far simpler than the physical system.
Thus the interpretation of modeling results would also be less complicated. It also allows
researchers to interpret or visualize results, e.g. molecular orbitals, that are otherwise
impossible. However, almost all modeling processes are based on some level of
approximations of the complex physical world. These approximations may bring in errors.
It is often necessary to make comparisons with experimental results to gain a better
understanding of the limit and accuracy of the model so as to give qualitatively or even
quantitatively precise representation of the physical system. Thus, we believe that the
integrated approach with experimental analysis and computational modeling would be
most useful in revealing the deep UV photochemistry of PET.
In this study, we will carry out UV exposures of PET samples with
monochromatic excimer irradiation at 172 nm under nitrogen purge. XPS analysis will
then be performed on samples of different UV dose to reveal the surface composition
changes, somewhat resembling what is commonly done in the literature at other
wavelength ranges. A detailed characterization of the UV induced chemical structures
will then be carried out with TOF/SIMS—possibly the first appearance of the use of such
a powerful surface analysis technique in analyzing the photochemically modified
polymer surface. Much of these experimental works along with AFM analysis of the
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sample topography changes are captured in chapter II: Effect of Deep UV on PET
Surface Chemistry.
Subtle effects from morphologies, molecular conformations, and molecular
mobility and bulk related information including modification depth, and quantum yields
will then be elucidated, for the first time, with an infrared technology, possibly the only
technique suitable for such tasks. These experimental results are described in chapter III:
Infrared Study of PET Deep UV Photochemistry.
Chapter IV, named Molecular Modeling of the Photophysical and Photochemical
Properties of Poly (ethylene terephthalate), is devoted to computational modeling of the
photon-molecule interaction processes including absorption, emission, and
photochemistry. The emphasis is put on revealing the nature of the electronic transitions
so as to gain better understanding of the experimental observations, particularly the
photochemistry.
With an improved understanding of PET deep UV photochemistry, we then
propose a new grafting strategy for modifying PET surface. Chemicals are selected to
demonstrate the validity of such approaches with experimental analysis of the grafted
surfaces. A target application, an anti-stain/soil fluorocarbon coating, is also explored and
analyzed in detail in chapter V: Grafting onto Poly (ethylene terephthalate) Driven by
172 nm UV Light.
Chapter VI, named Deep UV Surface Chemistry of PET: anti-microbial surfaces,
demonstrates yet another potential application of the grafting process. Much of the
experiment is focused on the characterization of the grafting process and the resulting
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structures. Computational modeling is again employed to help understand the deep UV
photochemistry of the grafting agents.
This work provides a systematic approach to a thorough understanding of
polymer photochemistry with the combination of experimental analysis and
computational modeling. While a new grafting strategy has been developed and
demonstrated great application potentials in functionalized surfaces, much of the
engineering steps to a practical technology left unexplored and some are suggested in the
“possible future works” sections. Although this work does not intend to be all-inclusive,
additional experimental or modeling approaches are also recommended in those sections
for future work.
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CHAPTER II
Effect of Deep UV on PET Surface Chemistry

2.1 Introduction
Improved value-in-use of major commercial polymers will come chiefly from
enhanced surface or interface properties: adhesion, increased (or decreased) permeability,
antisoil, and antimicrobial functionality. Poly ethylene terephthalate (PET) is an
especially attractive target because of its wide use in textiles and packaging, though all
applications are highly cost sensitive so that wet chemical (fiber finishes) or extrusion
coatings (films) dominate. An alternative, potentially attractive approach would take
advantage of the ability of UV light to drive radical processes to transform surface
chemistry.
For the last two decades, the primary interest in employing deep UV to modify
polymer surface aimed at understanding the processes and dry etching via ablative
(excimer laser) [5-7] or non-ablative (excimer lamps) [9,10,12] photodecomposition,
which was potentially useful in microelectronic and electronic packing technologies. A
significant amount of this work has dealt with polyimides and acrylics.
There are few reported studies of the effect of deep (< 250 nm) UV on PET
surface chemistry. No effect was found by XPS for excimer laser irradiation in air at 248
nm of biaxially oriented film at 12 mJ/cm2 (below the ablation threshold) [18]. For 193
nm irradiation in nitrogen, a loss of oxygen-containing species is evident by XPS even at
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10 mJ/cm2 [11]. C-0 was affected more than C=0. Even though the fluence in both
excimer laser studies was below the ablation threshold, thermal effects were not absent,
since the polymer was amorphized in both cases. Irradiation with 185 nm mercury lamp
in vacuum led to reduced surface oxygen as seen by XPS, but increased uptake of
derivatizing reagents for carboxyl functionality [3]. In contrast, repeating the experiment
with a filter that excluded 185 nm emission and passed only the 254 nm component
resulted in little or no effect [3], consistent with the 248 nm observations. Irradiation in
nitrogen at 222 nm (KrCl excimer lamp) resulted in a modest increase in surface oxygen
species as seen by XPS, but only after 500 J/cm2 [19]. At this fluence level, the question
of a possible role for residual oxygen in the treatment cell atmosphere is hard to avoid.
Aside from these observations, even fewer studies focused on elucidating the
underlying photochemical mechanisms. Earlier studies of Day and Wiles [21-24] used
xenon or carbon arc sources and high pressure mercury lamps (200 nm to 400 nm) under
nitrogen purge or vacuum, finding CO and carboxylic acid production as the major
effects, attributing the former mainly to a Norrish type I process followed by
decarbonylation:
( 1)

y

* c°

(2)

and the latter to a Norrish type II process:
H

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

(3)

At shorter wavelengths (185 nm mercury lamp), Lazare and Srinivasan [3], also observed
decarbonylation and acid group formation, proposing the Norrish H process to be the
primary photochemistry, followed by decarbonylation of the aromatic acid product, as
evidenced by the kinetic behavior of surface acid group and hydroxyl group with UV
irradiation.
COOH —

(5)

Nonetheless, the incomplete understanding of the effect of UV irradiation on PET
surface chemistry at these low fluenees suggests that interesting (and perhaps useful)
photochemistry may be taking place. Advances in UV sources, surface characterization
and computational modeling motivate us to revisit the investigation of the effect of deep
UV radiation on PET surface chemistry.

2.2. Experimental Section
2.2.1 Excimer Laser Exposures
It seemed appropriate to connect the present work with the previous studies by
carrying out a few excimer laser exposures. The PET used was 12 pm thick commercial
production Mylar® LB 48 film (Dupont). We used a Lambda LPX 325i having either an
ArF (193 nm) or KrF (248 nm) fill, with the beam spread by a cylindrical lens to obtain
the desired fluence as a single shot. 1 cm-wide strips of the film were rinsed with HPLC

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

18
grade isopropanol and end-mounted in 35 mm slide holders.

The irradiations were

accomplished in a homemade chamber continuously swept by boil off from liquid
nitrogen. (The excimer laser treatments were carried out at DuPont by Michael J. Kelley
and are included here for completeness.)

2.2.2 Excimer Lamp Exposures
The major program of the UV irradiations was accomplished with a dielectric
barrier discharge (DBD) excimer lamp of our own construction, described more fully in
chapter I. A detailed review of such lamps may be found in Ref. 10. The annular
configuration consists of an inner quartz tube to carry cooling water, an annular space for
the active gas, and a 43 mm diameter outer Suprasil® quartz tube, 50 cm in length. The
lamp was operated at atmospheric pressure filled with undiluted Xenon gas (Spectra Gas
Laser Grade) to produce 172 nm UV. The lamp is enclosed within a coaxial
polycarbonate cylinder, sealed at the ends and continuously swept by boil-off from liquid
nitrogen. The material to be treated was attached to the inner surface of the enclosure,
providing a constant distance to the lamp of about 7 cm. The irradiance at the sample
position was measured with an International Light Model 1400A photometer with a SED185 detector head. The spectral energy distribution of the lamp and the detector response
curve do not overlap perfectly, necessitating a correction factor of 2 to the meter reading
to obtain the UV dose. Average irradiance received at sample position is about 50
•y

mW/cm . Multiple samples were acquired at UV dose levels of 4 J/cm , 8 J/cm , 16
J/cm2, and 32 J/cm2. In each case, a piece of polyethylene (PE) film was treated along
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with the PET. If subsequent XPS showed other than trace oxygen pick-up by the PE, the
run was discarded.

2.2.3 Surface Analysis
Samples for surface analysis were rinsed with isopropanol (Fisher, HPLC grade)
and then deionized water (>18 MQ) prior to introduction, with the exception of one set of
samples exposed to 32 J/cm2. XPS analysis of the 172 nm treated material was carried
out with a Specs “PHOIBOS” system, using a Mg anode (1253.6 eV) operated at 15 kV
and 200 W. To better reveal the surface functional group population, a complete set of
samples was derivatized with silver trifluoroacetate [3] by overnight (18 h) exposure to a
>y

10' M solution of AgOCOCF3 in acetone and then washed repeatedly with acetone.
XPS of the laser-irradiated materials employed a VG ESCALab, also with a Mg anode.
Time of flight secondary ion mass spectrometry (ToF/SIMS) analysis provides
topmost layer surface sensitivity [25] and is especially useful for polymers [26], Samples
for surface analysis were rinsed with isopropanol (Fisher, HPLC grade) and then
deionized water (>18 MQ) prior to introduction. In addition to these as-treated materials,
a complete set of samples was deuterated to assist structure identification in the
ToF/SIMS analysis. Deuteration was accomplished by first mounting the film samples on
the sample stage, in a ready to transfer condition. The sample stage was then put into a
sealed plastic sample bag at room temperature and it was purged with D2 O (Aldrich,
>99%) saturated nitrogen at a flow rate about 2 CF/hour for 24 hours. The deuterated
samples were then transferred to the introduction chamber of the ToF/SIMS machine
with the minimal exposure to the ambient environment (less than five seconds). Static
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SIMS analysis has been reported [27] for PET made from deuterated glycol and from
deuterated terephthalate, providing a context to interpret the present results.
We used a PHI “TRIFTIICE” instrument to raster a 200 pm x 200 pm surface
area with 15 keV gallium ion beam at 600 pA current with extraction voltage set at about
7200 V. Data acquisition time was set for 5 min and the sample surface received an ion
dose of 2.4E+11 ion/cm2, which should be well within the static regime for SIMS
analysis. At least three sampling areas were taken to check the uniformity of the surface
chemical structures. All quantitative data were the mathematical mean of the
measurements and data deviations were mostly within ±5% of the mean.
Surface topography was characterized by atomic force microscopy (AFM) using a
Digital Instruments “NanoScope® IV” scanning probe microscope in intermittent contact
(“tapping”) mode. The scan rate was set at 0.5 Hz to scan over multiple 2 pm

x

2 pm

sampling areas. Second order flattening was applied to the data before surface roughness
analysis.

2.3. Results and Discussion
2.3.1. XPS
The interpretation of PET core level spectral lines is well established [28,29].
The average intensity ratio of C Is and O ls peaks from three untreated PET samples is
10.00/4.24, which is close to the nominal value 10/4. Figure 2.1 shows data from the C Is
region of the untreated and two laser-treated materials. All spectra were shifted so that
the aliphatic carbon peaks appear at 284.6 eV and normalized so that peaks have the same
height over background. They were not smoothed. The difference between the untreated
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Fig. 2.1. Comparison of the C Is region of untreated PET film (upper curve at
288.5 eV) to 248 nm irradiated (middle) and 193 nm irradiated (lowest).
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material and that laser irradiated at 248 nm is small indeed, less than the noise in the
previously reported [18] spectra. Further, that material received only 12 mJ/cm2 of 248
nm light, versus 17 mJ/cm2 here. In contrast, it is evident 12 mJ/cm2 at 193 nm leads to
significant loss of both oxygen-related carbon species.
Figure 2.2 presents the effect of 172 nm UV irradiation on the surface oxygen to
total carbon ratio for three equivalent samples. The ratio decreases with increasing UV
dose up to about 16 J/cm2, and then levels off at about one-sixth less than its original
value. For films receiving 32 J/cm2, the decrease of O/C ratio relative to that of
untreated material was 8-10% greater for films analyzed as-treated, compared to films
rinsed with 2-propanol before analysis. The unwashed film was also somewhat tacky to
touch.
Fitting the individual carbon peak components - carbonyl, ethoxy, and aliphatic gives further insight. In untreated material, the measured average intensity ratio was
0.82/1.13/3.00, in reasonable agreement with the nominal value 1/1/3 and with previous
studies of high purity PET (0.96/1.12/3.00) [30]. Figure 2.3 shows that the loss of
carbonyl carbon is similar to the decrease of total oxygen/carbon ratio, in contrast with
the relative constancy of ethoxy carbon (Fig. 2.4). In fact oxygen loss closely tracks
carbonyl carbon loss (Fig. 2.5).
The silver trifluoroacetate derivatization provides yet another view [3]. Silver
trifluoroacetate reacts with PET surface carboxylic acid groups to yield surface bound
silver carboxylate salts according to:
COOH +

CF3COOAg -------- ► — COOAg + CF3COOH
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Fig. 2.2. Effect of 172 nm UV on surface oxygen content as determined by XPS.
The dashed line is only a guide for the eye.
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Fig. 2.3. Effect of 172 nm UV on relative C=0 content of surface carbon as determined
by XPS. The dashed line is only a guide for the eye.
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Fig. 2.4. Effect of 172 run UV on / C_0/ / Carom(;(i.f as determined by XPS. The dashed line
is only a guide for the eye.
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Fig. 2.5. Relationship between relative surface oxygen content and relative
carbonyl content. The solid line is a model calculation assuming that oxygen
content changes only via carbonyl content change.
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Figure 2.6 shows that Ag/C ratio increases with UV dose up to about 16 J/cm2,
suggesting that formation of carboxylic acid end groups accompanies the other changes.
Since the derivatization reaction proceeds only for surface-exposed acid groups, while the
XPS signal originates from at least the top few nanometers, the Ag/C ratio likely
understates the surface acid group concentration.

2.3.2. ToF/SIMS
The fragmentation pattern of PET is relatively well established and has been
studied in detail directly and with tandem quadrupole mass spectroscopy [27,31-34]. As
shown in Fig. 2.7 (a), m/z =104,105,148,149,193 are characteristic peaks of PET; their
formation can be generally summarized in Fig. 2.8 [34, 35]. Upon ion bombardment, the
weakest bond disassociates and may form a carboxyl and alkyl radical pair. The active
carboxyl radical can abstract hydrogen from neighboring molecules to form end
carboxylic group. Another cleavage of weak CH2 -O bond will then form the
characteristic m/z 193 PET monomer mass peak. Subsequent fragmentations lead to m/z
149 and 105 mass peaks. Alternatively, the carboxyl radical may not have time to abstract
hydrogen before being lift off surface so that m/z 148 and 104 mass peaks form with one
proton short.
The characteristic mass peaks that appear in the UV modified PET sample are
similar to the original PET sample except for the difference in the relative intensity (Fig.
2.7 b). In the UV modified PET sample, the intensity ratios of high mass fragment m/z
149 (or m/z = 105) to low mass fragment m/z 148 (or m/z 104) are much higher than the
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Fig. 2.6. Relative surface silver content as a function of UV dose.
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Fig. 2.7. TOF/SIMS positive ion spectra of (a) untreated PET and (b) PET subject
to 16 J/cm2 of 172 nm UV.
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Fig. 2.8. Generation of characteristic mass fragments of PET
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original PET. It may be attributed to preexisting polymer end groups in favor of
producing m/z 149 and 105 peaks instead of their radical counterparts, m/z 148 and m/z
104 radical ions. Such structures may be phenyl end group A or aromatic carboxylic acid
end group B, as shown below.
^CH2CH2-

pC H 2CH2-

O

O

HO

B

A

Following the fragmentation mechanism presented in Fig 2.8, structure A will preferably
produce ion fragment C and consequently m/z 105 ion fragment. Neither m/z 148 nor
104 mass fragment is created. Similarly structure B may lead to ion fragment C or D, and
then m/z 105 ion fragment. In addition, peak intensity at m/z=165 also increases
dramatically for the UV treated samples. Two possible decarbonylation products, either
an ether link E or phenol end group F, that would lead to the enhancement of m/z 165
mass peaks are:
o c h 2c h 2■ch2c h 2o

m/z 165

E

OCHjCHi”

(8)

O
F

m/z 165

In deuterated PET samples (UV treated or untreated), labile hydrogen, which has
high acidity, e.g. hydroxyl hydrogen, should be exchanged by deuterium atom, adding to
corresponding fragment mass by 1. The chief effect of deuteration on PET control
samples is the small increase of the m/z 194 to m/z 193 peak ratio (Fig. 2.9), indicating a
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small amount of acid end groups B present in the PET control sample, as ion
bombardment induced acid fragments are formed by hydrogen abstraction from hydrogen
dominant surface and hence m/z 193 peak while preexisting acid ends can be deuterated
to give m/z 194 peak. For deuterated UV treated PET samples, the 194 m/z to 193 m/z
peak ratio is much higher (Fig. 2.10), suggesting such acid end structure can be created
by 172 nm UV irradiation. This is consistent with our XPS results of silver-derivatized
samples [36]. Sample deuteration appears to have no effect on the m/z 166 to m/z 165
peak ratios (Fig. 2.11). This may be viewed as evidence that phenol end structure F is not
present in the 172 nm UV treated film, since a higher m/z 166 to 165 peak ratio would be
expected if the deuterated phenol end group were present. Thus, we believe the increase
of the m/z 165 peak with UV dose is best understood in terms of the ether link structure E
created by UV irradiation.
The m/z 149 mass peak can arise from the monomer ion fragment m/z 193 by
loss of mass 44, either CO2 or C2 H4 O, giving rise to ion structures C and D in scheme 1,
respectively. The increase of m/z 150 to m/z 149 ratio in the deuterated PET samples (Fig.
2.12) may serve as the evidence that C2 H4 O is the lost neutral molecule, since only
structure D retains the acid end group from its parent ion and hence its deuterated
structure would appear at m/z 150. It is also consistent with our high mass resolution data
of the mass peak, beingl49.0297 amu, which is closer to nominal mass of structure D
(C8 H5 O3 , 149.0238 amu) than nominal mass of structure C (C9 H9 O2 , 149.0602 amu).
Thus we assign structure D to m/z 149 mass peak, in an agreement with [27, 34].
Mass fragment m/z 105 was observed as the daughter ion of m/z 149 mass
fragment with the tandem technology [34]. One would assume that the acid hydrogen is
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Fig. 2.9. TOF/SIMS positive ion spectra of (a) untreated PET and (b) PET
after 24 hour exchange with D2 O vapor.
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Fig. 2.10. TOF/SIMS positive ion spectra of 16 J/cm2 UV treated PET (a) before
(b) after 24 hour exchange with D2 O vapor.
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Fig. 2.11. TOF/SIMS positive ion spectra of 16 J/cm2 UV treated PET (a) before (b)
after 24 hour exchange with D2 O vapor.
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Fig. 2.12. TOF/SIMS positive ion spectra of 16 J/cm2 UV treated PET (a) before (b)
after 24 hour exchange with D2 O vapor.
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retained as part of the daughter ion fragment after the loss of a neutral molecule, CO2 .
However, we did not see enhancement of m/z 106 peak in our deuterated sample spectra
(Fig. 2.13). This could result from fragmenting structure D without retaining the acid
hydrogen (or deuterium) when m/z 105 mass fragment is formed. Such a fragmentation
might proceed by eliminating the carboxylic acid group to form a radical, followed by
hydrogen abstraction from a neighboring molecule.
(9)

(10)

Similarly, the m/z 104 mass fragment may also be generated by fragmenting m/z 149 ion
when the radical is not able to abstract hydrogen before lifting off surface. Conversely,
m/z 105 ion can be formed from m/z 148 mass fragment if the corresponding radical was
able to abstract a hydrogen. Thus, m/z 148 and 149 ion fragments have a very similar
path in forming m/z 104 or m/z 105. Following this reasoning, the UV induced acid end
group B, which though leads to enhanced m/z 149 peak, would have little effect on m/z
105 to m/z 104 peak ratio. As all samples were analyzed with similar ion beam
parameters and similar surface environment, the enhanced m/z 105 to m/z 104 ratios may
hence be attributed to the UV induced phenyl end structure A. We can now modify the
fragmentation scheme to accommodate the new findings in Fig. 2.14.
Thus far, the existence of acid end structure B supports Norrish type II
photochemistry that can result in such a structure. By excluding the existence of phenol
end structure F, the decarbonylation mechanism proposed in [3] is not supported. Our
findings favor the mechanism of Day and Wiles [24], because the process leads to a
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Fig. 2.13. TOF/SIMS positive ion spectra of 16 J/cm2 UV treated PET (a) before (b)
after 24 hour exchange with D2 O vapor.
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radical pair and these radicals can either recombine to form an ether link, identified as
structure E, or abstract hydrogen from neighboring polymer chain, when phenyl end
structure A is formed (Fig. 2.15).
Observations made by Ramsden on deuterium labeled PET SIMS spectra [27]
suggest that m/z 191 mass fragment contains a vinyl structure, resulted from ion induced
intramolecular hydrogen transfer, very similar to the Norrish type II process. The
enhanced m/z 191 peak observed in the UV treated PET spectra (Fig. 2.10) thus backs the
proposed Norrish type II mechanism. In addition, m/z 209 peak was assigned to an
ethanol structure in the negative SEMS. The existence of the ethanol end structure G was
also verified from the enhanced m/z 210 mass fragment in the negative SIMS spectra of
the deuterated UV treated PET samples.
On the basis of above discussion, we can now characterize UV effect on PET
surface chemical structures semi-quantitatively by peak ratios [37]. Figure 2.16 shows
UV dose dependence of peak ratios from deuterated samples. M/z 194 to m/z 193 peak
ratios are related to the amount of surface ester group being converted to surface acid
group (Fig. 2.16a). However, the exact amount is difficult to estimate because the
formation of m/z 194 mass fragments from preexisting acid end group should be
expected to have higher yield than creation of m/z 193 mass fragments from main chain
polymer. Nevertheless, m/z 194 to m/z 193 peak ratios show the general trend of how
acid ends are created. Closely resembling our XPS data [36], acid end content increases
with higher UV dose up to 16 J/cm2 and tend to saturate with further irradiation. Their
daughter ion fragments m/z 149 and m/z 150 also respond to UV irradiation similarly
(Fig. 2.16b): peak ratios of m/z 150 to m/z 149 approximate peak ratios of m/z 194 to m/z
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193, though the change tends to saturate at slightly higher dose level. This is further
evidence that acid end structure D is the correct structure for ion fragment m/z 149. The
fluence dependence of the other Norrish type II product—vinyl end groups may be
inferred from m/z 191 to m/z 193 peak ratios (Fig. 2.16c). It generally resembles the UV
dependence of acid structure (m/z 194 to m/z 193 peak ratios) but is shifted upward
because ion induced fragmentation also contribute to m/z 191 peak intensity. The UV
dose dependence of decarbonylation products may also be inferred from corresponding
peak ratios: phenyl end production (structure A) from m/z 105 to m/z 104 peak ratios
(Fig. 2.16d) and ether link structure E from m/z 165 to m/z 104 peak ratios (Fig. 2.16e)
with the exception of ethanol end structure G due to the low yield of m/z 209 and 210
fragment in the negative SIMS.

2.3.3. AFM
Topographical analysis was carried out with AFM comparing UV treated and
untreated PET samples. Figure 2.17 shows topographic images of untreated, 16 J/cm2
irradiated and 32 J/cm2 irradiated films. The Root-Mean-Square (RMS) surface
•y

roughness for samples that received 16 J/cm or less was between 1 nm to 2 nm, but
increased to above 4 nm for samples subjected to 32 J/cm2. Together with the XPS data
showing that 32 J/cm2 dose samples have similar oxygen/carbon ratio, carbonyl/carbon
ratio and Ag/carbon ratio to those of 16 J/cm2 dose samples, it suggests that further
irradiation beyond 16 J/cm2 may lead to low molecular weight species that can be rinsed
away with isopropanol. This is also consistent with the slightly lower oxygen/carbon ratio
of 32 J/cm2 UV irradiated PET surface prior to isopropanol rinsing, which has an
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Fig. 2.17. Topographic images of (a) untreated, (b) 16 J/cm2 irradiated, and
(c) 32 J/cm2 irradiated PET films.
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oxygen/carbon ratio about 8 % less than that of the isopropanol rinsed sample. The
observed cone structures in UV etched 32 J/cm2 sample have diameter ranging from tens
of nanometers to a few hundred nanometers, in good agreement with PET spherulites
dimension [38, 39]. This suggests that crystalline PET may be more resistant to
degradation by deep UV light than amorphous material.

2.4. Conclusion
The effect of 172 nm Xe excimer lamp irradiation on PET in the absence of
oxygen up to 16 J/cm is dominated by carbonyl elimination and acid group formation, in
general agreement with the available information about the effect of irradiation at 193 nm
and 185 nm, in previous studies. It possesses a marked efficiency in transforming the
surface, comparing with irradiations at 222 nm, 248 nm, 254 nm as well as long
•j

wavelength broad-band irradiations. At UV dose levels higher than 16 J/cm , differential
etching roughens the surface.
With the assistance of deuterium exchange labeling, ToF/SIMS analysis was able
to reveal the detailed chemical structures induced by 172 nm excimer lamp irradiation.
The finding of mono-substituted terephthalic acid end and vinyl end structures supports a
Norrish type II photochemistry that can result in such structures. Chemical structures
from possible decarbonylation mechanisms were for the first time characterized on the
UV treated surfaces and the results support the Norrish type I process proposed by Day
and Wiles [24].
Note: the material in this chapter has appeared as two publications [36,40].
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2.5. Possible future work
•

TOF/SIMS analysis: Due to the low negative ion yield at the high mass range
(>200 amu) and the further decrease of ion yield with UV treatments, we do not
have complete data sets about m/z 209 - 210 peak ratios for characterizing the UV
induced ethanol end structures. With the advantage of enhanced yield at high
molecular weight species, gold cluster beam would be an ideal primary ion source
for further SIMS analysis to acquire the necessary data sets.

•

Morphological dependence of surface photochemistry: the different UV response
of semicrystalline and amorphous samples in the near surface region will be
discussed in the next chapter. However, little was known in the surface region.
The combination of XPS and TOF/SIMS may reveal interesting photochemical
properties of the relative mobile surface region. Will we see effect of different
morphologies?

•

Working with fibers: It is one of our final goals to improve surface performance
of PET fibers. Although they should be qualitatively similar to film, the
photochemical responses to deep UV are expected to be quantitatively different as
suggested by their difference in molecular conformation.

•

Deep UV photochemistry of other polymers: PBT (Polybutylene Terephthalate)
and PTT (Polytrimethylene Terephthalate) are two high performance cousins of
PET. Due to the similarity in their structures, their photochemical responses are
expected to be generally similar. If that is found out to be true, processes
developed for PET surface treatment is also suitable for PBT and PTT. Detailed
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analysis of these polymers and others including PI, PEEK, PEN under deep UV
irradiation is also to be carried out.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

50

CHAPTER III
Infrared Study of PET Deep UV Photochemistry

3.1. Introduction
The enormous scale of PET fiber production - more than 8.3 million metric tons
in 2 0 0 2 [ 1 ] —makes it an attractive target for environmentally friendly surface
modification by UV photochemistry. Earlier studies of UV-induced photodegradation
provide a starting point. Day and Wiles [21-24] used xenon or carbon arc sources and
high pressure mercury lamps (200 nm to 400 nm) under nitrogen purge or vacuum,
finding CO and carboxylic acid production as the major effects, attributing the former
mainly to a Norrish type I process followed by decarbonylation:

and the latter to a Norrish type II process involving a cyclic six-membered transition
state:

H

V
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(4)
COOH + CH2=CH.

Others later reported the effect of 185 nm (low-pressure mercury discharge) [3], 193 nm
(ArF* Laser) [11,18], or 222 nm (KrCf excimer lamps) [17,19] and details of their
findings are discussed in Ref. 36.
We recently reported [36, 40] the effect of 172 nm irradiation (Xe excimer lamp)
under continuous nitrogen purge on PET surface composition. XPS analysis of these
materials showed CO elimination and acid functional group creation (as evidenced by
silver derivatization) increasing with fluence up to 16 J/cm2. In addition, ToF/SIMS
analysis of these materials [40] found the same fluence dependence of terephthalic acid
type polymer end group and carbonyl deficient structure formation, providing further
support for Norrish type I and Norrish type II mechanisms. However, the depth of
transformation exceeds the probe depth of ToF/SIMS and XPS, limiting their usefulness
for determining the quantum yields.
Infrared spectroscopy can be a very powerful tool for studying chemical structure
in bulk materials as well as providing molecular conformation details that are
inaccessible to most analytical methods. There are numerous reports [41-53] of its
application to PET. Three structure factors are essential to the conformation of a PET
molecule (Fig. 3.1): rotation of the carbonyl groups about the Car-CO or CO-O bonds,
gauche (G) or trans (T) forms of the glycol C-C bonds, and the gauche (g) or trans (t)
conformers resulting from rotation about the C-0 bonds of the glycol linkage. PET is
present in an almost planar conformation in the crystalline state: two carbonyl bonds
adjacent to each benzene ring lies in the plane with trans arrangement with respect to
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each other, and all trans (Tt) conformations with respect to C-C and C -0 bonds,
according to X-ray diffraction analysis [54], whilst additional conformers exist in
amorphous and drawn samples. The interpretation of chemical and conformational origin
of most PET infrared peaks is well established based on the assignments proposed by
Boerio et al. [48,49] and those of Miyake [43,44]. Accordingly, IR spectroscopy offers
an important view of the effect of deep UV light on the molecular architectures. In turn,
the knowledge of photochemistry can serve as a useful probe into the structure and
molecular dynamics of solid polymers and may deepen the understanding of IR
spectroscopy.

3.2. Experimental Section
3.2.1. PET film preparation
PET solutions of 1%~8% concentration in o-chlorophenol were prepared by
dissolving small pieces of the untreated DuPont Mylar® LB 48 film used in our previous
work. They were spin cast onto polished silicon wafers with a CHEMAT Technology
spin coater to acquire uniform films of 70-500 nm thickness. Heating in a vacuum oven
at ~70°C for 2 hours yielded solvent-free amorphous films. Half of each was cleaved off
and heated in the vacuum oven at -200 °C for another 2 hours to thermally crystallize the
film to produce semicrystalline PET.
Film thickness was measured directly as the step height of knife-cut trench
through it. Step height measurements by Dektak ST surface profiler and by
“NanoScope® IV” scanning probe microscope were in good agreement, but the latter
provided better precision (~±2nm). The scanning probe microscope was operated in
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intermittent contact (“tapping”) mode with low modulus (15 mN/m) silicon tip at 0.25 Hz
to scan over multiple 60 pm x 8 pm sampling areas across the film/substrate step edge.

3.2.2. Excimer Lamp Exposures
The UV irradiations were accomplished with a dielectric barrier discharge (DBD)
excimer lamp of our own construction, as described in the earlier report [36]. The lamp
is enclosed within a coaxial polycarbonate cylinder, sealed at the ends and continuously
swept by boil-off from liquid nitrogen. The material to be treated was attached to the
inner surface of the enclosure, providing a constant distance to the lamp of about 7 cm.
The irradiance at the sample position was measured with an International Light Model
1400A photometer with a SED-185 detector head. The spectral energy distribution of the
lamp and the detector response curve do not overlap perfectly, necessitating a correction
factor of 2 to the meter reading to obtain the UV dose. Average irradiance received at
9

9

sample position is about 50 mW/cm . All films were exposed to 8 J/cm UV
simultaneously and removed for analysis. Another two exposures of 8 J/cm UV dose to
9

9

the same set of samples led to total dose of 16 J/cm and 24 J/cm . IR spectra were
collected after each run. Sample surface temperature was monitored by thermocouple
readout and remained lower than 60 °C.

3.2.3. Air Plasma Etching
Plasma etching was carried out by Hummer 6.2 sputtering system under the
plasma mode at 60 mTorr dry air and 6 mA current. The measured average etching rate

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

55
on PET polymer was about 1 ran per second but negligible on silicon substrate. After
every -10 s etching, samples were removed for IR and (or) AFM analysis.

3.2.4. IR spectra measurement
IR spectra between 4000 cm' 1 and 400 cm' 1 were acquired by transmission FTIR
with Thermo Nicolet Nexus 670 at 4 cm' 1 resolution (100 summations) using a DTGS
detector. The silicon supported thin films were mounted with a magnetic film holder
using V* ’by Vi ’ slot at normal incidence of the IR beam. Sample positions were marked
and preserved throughout the experiment. Mono-methyl terephthalate (Fluka, >97%) and
dimethyl terephthalate (Alfa Aesar, 99%) were dissolved separately in chloroform
(Certified A.C.S.) to make 10' 2 mol/L solutions. Solution spectra were gathered with
NSG Precision Cells of 0.5 mm path-length with CaF2 windows.

3.2.5. Additional experiments
Attenuated Total Reflectance Infrared analysis (ATR/IR) of UV treated and
untreated Mylar LB films was performed with the Thermo Nicolet Nexus 670
spectrometer, using Twin Parallel Mirror Attachment (Harrick) with a wire grid polarizer
(Thermo, ZnSe substrate). The internal reflection elements include 60° and 45° cut Ge
and KRS-5 crystals (IREs; size 50 x 20 x 3 and 50 x 20 x 2 mm SPP, Harrick) for
different sampling depths. Spectra were obtained with a DTGS detector at a resolution of
2 cm' 1 (average of 100 scans). Samples approximately 50 x 20 mm in size were cut along
either the machine (MD) or the transverse (TD) directions of the original roll of biaxial
stretched Mylar® films and were clamped on sides of the IRE with the use of a rubber
backing to improve optical contact. As a further aid in obtaining reproducible contact, a
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torque wrench was used to clamp the samples with reproducible pressure (4 in.-lb.
torque). The incoming IR beam can be polarized either parallel to the plane of incidence
(TM) or perpendicular to this plane (TE), thus leading to four different combinations with
above two sample orientations. These measured samples were then removed for UV
exposure of a predetermined dose before next ATR measurement.
Crystallographic analysis of a Mylar® LB 48 film, spin cast thin films, and a meltannealed Mylar® film (heated to melt and then slowly cooled) was carried out on Philips
X’ Pert diffractometer using CuKa anode (k = 0.1540598 nm), operated at 45 kV and 40
mA, directed at a grazing incidence angle to sample surface. Scans were run over a
region of 10 to 40° 20 range in steps of 0.02° with a dwell time of 1 second.

3.3. Results and Discussion
3.3.1. Unirradiated films
IR spectra show typical absorption bands of amorphous or semicrystalline PET
(Fig. 3.2) similar to those documented in the literature, except for the variation of the
background due to film thickness dependent optical effects caused by reflections from
polymer surface and polymer/substrate interface [55]. A first step is to verify that
Lambert-Beer law still holds for these samples. The 1410 cm' 1 in-plane ring mode is
generally believed to be insensitive to molecular chain conformation [56], making it a
good reference to test absorbance-thickness relationship. Figure 3.3 shows a good linear
relationship between the peak area at 1410 cm' 1 and the thickness of amorphous films.
For semicrystalline films, a somewhat different background in 1410 cm' 1 absorption band
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Fig. 3.2. IR spectra o f-140 nm thick semicrystalline and amorphous PET films.
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area may have caused the band intensity to be seemingly lower (-5%). Nevertheless we
can reasonably apply Lambert-Beer law for these materials.
Using 1410 cm' 1 band as the thickness reference provides a way to normalize
spectral intensities among materials. The mode at -1340 cm' 1 (-CH2 - wagging) originates
from trans glycol segment [49], making 1340 cm'Vl410 cm' 1 peak ratio a good indication
of the trans glycol content. Figure 3.4 shows higher trans conformation content, thus
extended structures, in thinner films than thicker ones though all were prepared using the
same parameters, except for different solution concentration. Especially, there was a
dramatic increase of trans content when film thickness was smaller than -200 nm. Much
the same information is revealed by depth profiling with air plasma etching of a 500 nm
film (Fig. 3.5). The plasma etching process causes a damage zone of less than 5 nm depth
and therefore will not significantly alter the information obtained [18]. Increasingly
extensive etching shows an increasing amount of trans conformation closer to the
PET/silicon interface, especially in the region less than -200 nm from the interface.
These results indicate that the molecular conformation varied with film thickness as well
as with depth of the same film, attributable to the shear stress that molecules experienced
during film formation [57-59]. Thermal annealing is inadequate to relax shear-induced
structural anisotropy in confined polymer systems because of insufficient mixing at the
interface [58]. We found a similar conformation-thickness relationship in the thermally
crystallized films. According to S. Sills et. al. [57], the shear induced structuring results
in an elevated glass transition temperature and hence low molecular mobility due to the
high residual internal stress after annealing. In addition, favorable film-substrate
interaction would also lead to lower molecular mobility in vicinity of polymer-substrate
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interface [60, 61]. Accordingly, correct interpretation of the effect of UV irradiation on
f ilm s

of different thickness must take into account the low molecular mobility region.

3.3.2. UV modified films
172 nm UV is strongly absorbed by PET so that the majority of photochemical
transformation occurs in a thin near surface layer, which makes it difficult to detect in
transmission spectra from freestanding films (a few microns thick) with infrared
spectroscopy. While attenuated total reflectance IR can be used to look at sub-micron
near surface layers in polymers, the difficulty in maintaining repeatable optical contact
between polymer film and internal reflection element necessitates the use of a depth
reference band [56]. A suitable choice is uncertain for photochemical modification
studies, as we will show most PET IR absorption bands are correlated and affected by
UV irradiation. Such complications do not attend transmission FTIR of silicon supported
thin films.
The spectral differences between the UV treated films and untreated ones are not
obvious in overplots. This is due to the very low quantum yield brought about by the
rigidity of the solid matrix. Longer exposure time will provide somewhat higher
concentration of photochemistry product for analysis, but photooxidation may complicate
the results [24]. Fortunately, the excellent data quality makes possible spectral
subtraction, which proves revealing. Figure 3.6 displays the difference spectra obtained
by subtracting spectra of untreated -140 nm amorphous and semi-crystalline films from
those of the respective 8 J/cm2 UV treated ones. We will refer to these spectra as

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

63

0.006 -

Sem icrystalline
Am orphous

0.004 -

Absorbance

0.002

-

0.000

-

0.002

-

-0.004 -

-0.006 -

2000

1800

1600

1400

1200

1000

800

W avenum bers (c m 1)

Fig. 3.6. Difference spectra produced by subtracting spectra o f-140 nm amorphous
■y

and semi-crystalline PET films from those of the respective

8

J/cm UV treated ones.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

64
difference spectra without explicitly mentioning the reference spectra throughout the
article for simplicity.
Table 3.1. Major peak positions in the difference spectra of 8 J/cm2 UV ~140
nm amorphous and semicrystalline PET films and assignments based on original
PET IR band.

amorphous sample

semicrystalline sample

corresponding PET band

172f

1716*

C=0 stretch

1410

1408

ring in-plane def

1342

1342

CH2 wagging (trans)

1282

1282

ring-ester in-plane mode

1259

1257

ring-ester in-plane mode

1244

1246

ring-ester in-plane mode

1 1 2 0

1 1 2 2

ring-ester in-plane mode

1099

1099

symmetric glycol C -0 stretch (gauche)

1018

1024

ring C-H in-plane def

725

725

ring C-H + C=0 out-of-plane def

* Not the exact peak position due to differential peak shape.

Most noticeable is the negative absorbance at the positions close to major PET IR bands
(Summarized in Table 3.1) [43,49, 53], 0 = 0 stretching at about 1720 cm' 1 (-1721 cm-1
for amorphous samples and -1716 cm- 1 for semi-crystalline samples), ring in plane
deformation at -1410 cm'1, -CH2 - wagging at -1340 cm'1, ring and ester modes at 1300
cm'1-1000 c m 1, and ring C-H + C=0 out of plane bending at -725 cm' 1 along with
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strong positive absorbance band at -1700 cm' 1 and two broad poorly defined positive
absorbance band at -1220 cm' 1 and -1070 cm'1. Since AFM detected no reduction of
thickness of any samples after up to 24 J/cm2 UV dose irradiation, these variations should
be attributed to photochemically induced molecular structure changes.
Interpretation of PET IR spectra in general is non-trivial, even more so those of
UV treated specimens, as the potential energy distributions of various vibration modes
are rather complicated [49]. The assigned carbonyl-stretching band is one of few relative
pure normal modes and thus may be interpreted as the result of transformations directly
related with the carbonyl groups. The negative peak observed at close to the original
carbonyl stretching peak positions can be attributed to the loss of those carbonyl
functional groups and the positive peak appeared at slightly lower wave number to new
type(s) of carbonyl functional groups created. These may be carboxylic acids, as acidtype carbonyl stretching is known to show up at slightly lower wavenumber than
corresponding ester-type carbonyl. These findings are consistent with our previous
surface analysis of 172 nm UV treated PET, finding carbonyl elimination and acid
creation the major photochemical results [36, 40]. The carbonyl elimination will cause
other negative peaks since the carbonyl group is a part of the ester group and a substituent
group of the phenylene ring. To some degree, all ester modes, ring modes would be
affected by the loss of carbonyl. The acid creation may also be responsible for some of
the negative peaks such as ester modes at 1300 cm' 1- 1

0 0 0

cm' 1 and -CH2 - wagging mode

of trans glycol groups at 1340 cm' 1 with the breaking of CH2 -O bond.
Relating the photochemistry to molecular conformation in the different
morphologies provides further insight. The Norrish type II reaction has to proceed
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through a cyclic six-membered transition state, which requires trans (T) glycol
conformation and a gauche (g) conformation with respect to the CH2 -O bonds of the
glycol linkage, as well as some degree of carbonyl rotation (Fig. 3.7) to facilitate the “in
plane” n-orbital-initiated intramolecular hydrogen abstraction [20]. Since UV treatments
were conducted below glass transition temperature of PET so that available polymer
movement is limited, the difference spectra may reflect some of the conformation
preference.
Consider PET conformation in terms of above three structural factors. First, the
gauche (G) or trans (T) conformation of the ethylene glycol fragment through rotation
about C-C bond accounts for major IR spectra differences in amorphous and crystalline.
The idea has now been widely accepted since first proposed by Ward [41]. Its vibration
modes were extensively studied [43,48]: e.g. the 1340 cm' 1 band assigned to -CH2 wagging of trans (T) glycol groups, primary found in crystalline phase, and 1370 cm' 1
band for gauche (G) form in amorphous phase. Interestingly, the gauche (G) mode at
1

7

1370 cm' was not evident in the difference spectra between 8 J/cm UV treated and
untreated films whilst the trans (T) mode at 1340 cm' 1 was well resolved, even though
both were about the same intensity in the spectra of untreated amorphous films. This
suggests the dominance of a photochemical reaction that selectively affects trans glycol
conformer, consistent with the trans (T) conformation requirement of Norrish type II
transition state.
Second, the conformation with respect to the dihedral angle about CH2 -O bond
was also deemed important [51] but its assignment to certain IR bands is still ambiguous.
Miyake [43] assigned the band at 1099 cm"1 to symmetric stretching of gauche (g) C-Q
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Fig. 3.7. Pictorial view of possible cyclic six-membered transition state conformation.
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form whereas Cole et. al. [53] related this mode to 1092 cm'1 band. We observed the
1099 cm'1 to be the dominant band in the 1200 cm'1-1000 cm'1 range of both amorphous
and semiciystalline difference spectra (Fig. 3.6) but different prominence in the original
spectra (Fig. 3.2). As the Norrish type II process is the dominant process (shown in later
sections), this finding supports Miyake’s assignment. In addition, comparisons between
peak intensities of the difference spectra at -1042 cm'1 (gauche C-0 asymmetric
stretching) and -973 cm'1(trans C-0 asymmetric stretching) suggest little photochemical
preference of gauche (g) form to trans (t) form.
The third conformation factor for the PET molecule involves the rotation of the
carbonyl groups about the Car-CO bond, affecting the carbonyl peak position and shape
[53]. The carbonyl conformations in amorphous films are in a disordered state with
respect to the planes of the benzene ring and the corresponding carbonyl stretching band
is relatively broad (FWHM -24 cm"1) and centered at 1724 cm"1 whereas carbonyl groups
are more ordered in the semicrystalline film as reflected by narrower stretching band
(FWHM -18 cm'1, centered at 1718 cm'1). The carbonyl stretching band of the difference
spectra in either semicrystalline or amorphous has a negative absorbance portion closely
resembling the carbonyl peak of the respective untreated samples (inverted). The UV
transformed carbonyl bands are representative of their morphology. This suggests that
photochemical transformation of carbonyl groups does not favor either particular
carbonyl conformation or morphology. The low conformation selectivity may be because
the low rotation barrier of the Car-CO bond [62] can be easily overcome by photo-excited
molecules.
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In principle, quantitative analysis of carboxylic acid and decarbonylation yields is
possible by numerically resolving the differential carbonyl peak into a combination of
positive and negative carbonyl bands. However, this numerical approach is not
sufficiently stable due to the differential peak shape, complex individual carbonyl band,
and low signal level. An alternative is simulation of the differential carbonyl band with a
linear combination of model spectra of ester and carboxylic acid carbonyls. First, as
previously discussed, the negative carbonyl band strongly resembles spectra of untreated
PET (inverted), suggesting them as models for the negative portion. Second, the
photolytically produced carboxylic acid has a band position independent of PET
morphology and the polymer end carboxylic acid structure resembles that of mono
methyl terephthalate or mono-ethyl terephthalate. The acid type carbonyl spectrum were
modeled by the spectra subtraction result of the mono-methyl terephthalate chloroform
solution spectrum (10"2 M) and one-half the intensity of the dimethyl terephthalate
chloroform solution spectrum (10‘2 M) so that the resulting carbonyl band is a
comprehensive representative of the acid carbonyl and its possible influence on the
opposite ester carbonyl. The carbonyl band area of this acid model spectrum is about 1.31
times of that of the same amount of carbonyl groups in dimethyl terephthalate, which
must be accounted for in quantitative analysis. Simulation of the difference spectra was
performed by linear least squares fitting with these contributions in the 1624 cm'1~1857
cm-1 range along with a linear background correction. Figure 3.8 and figure 3.9 show,
respectively, excellent agreement of the difference spectrum of 8 J/cm'1 treated -140 nm
thick amorphous and semicrystalline film with the corresponding simulated linear least
square fit spectra. Excellent matches were also observed between other difference spectra

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

70

8

x 10

T------------- 1------------- 1------------- 1--

i
experimental
simulated

6

Absorbance

4
2
0
-2
-4
-6
1600

1650

1700

1750

1800

1850

1900

wavenumbers (cm-1)

Fig. 3.8. Comparison of the difference spectrum of 8 J/cm'1treated -140
nm amorphous PET with the simulated linear least square fit spectrum.
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and the simulated ones, supporting the legitimacy of the approach. The following data
interpretations are based on spectra fitting results of the acid carbonyl band area, related
to the amount of acid product, and the ester type carbonyl band area, to the total number
of transformed carbonyl groups.
Figure 3.10 summarizes the effect of the first 8 J/cm2 UV dose exposure on
amorphous and semicrystalline samples of various thickness in terms of carbonyl areas,
corrected for the molar absorptivity difference between acid and ester carbonyl (in ester
type). At a particular sample thickness, where a pair of amorphous and semicrystalline
samples were made out of the same spin cast film and the semicrystalline one was
slightly thinner because of the higher density (5%~7%), much higher yields of both
Norrish type I and type II products were observed for the amorphous samples than their
semicrystalline counterparts. We attribute this to the higher density of semicrystalline
film and hence the lower molecular chain mobility than that in amorphous films. It is also
apparent that the acid production dominated the decarbonylation process at this dose
level. While comparing films of different thickness, generally higher yields of products
were observed in thicker films. These may indicate either more molecules exposed to UV
(if film thickness is comparable to UV penetration depth) or molecules more liable to UV
modification (if higher molecular mobility is present in thicker films). The effect of the
second 8 J/cm UV dose on the same set of samples is presented m Fig. 3.11, showing
again the higher yields in amorphous films than in semicrystalline films. However,
different from previous 8 J/cm2 UV irradiation, the decarbonylation process started to
dominate over acid production. The effect of the third exposure of 8 J/cm2 UV dose to the
samples is summarized in Fig. 3.12, now showing the clear dominance of the
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decarbonylation process over acid creation. Although decarbonylation yield is still higher
in amorphous samples than their semicrystalline counterparts, the acid yield is very
similar in either morphology.
The effect of three sequential 8 J/cm2 UV exposures is more clearly illustrated by
comparing -140 nm thick amorphous and semicrystalline samples in Fig. 3.13. The first
8 J/cm2 UV resulted in much higher yield of acid than of decarbonylation for both
4

'j

amorphous and semicrystalline. After the second and third 8 J/cm UV exposures, the
acid yield diminished quickly while decarbonylation yield remained about the same level.
The same is true for samples at other thicknesses. This decrease of macroscopic quantum
yield of the acid product can be attributed to the preferential depletion of the more
reactive sites in the early stages of the process [63]. This behavior is consistent with the
inherent conformation selectivity of the Norrish type II reaction, whereas decarbonylation
process sustained a stable quantum yield through 24 J/cm UV.
Learning the depth of modification by 172 nm UV irradiation would provide more
insight into the increase of photochemical yield in thicker films (see Fig. 3.10, Fig. 3.11,
and Fig. 3.12.). A pair o f-300 nm thick amorphous and semicrystalline films previously
exposed to a total UV dose of 24 J/cm2 were subject to plasma etching and their DR.
spectra and film thickness were measured after every etching cycle. The residual positive
carbonyl band areas (above the linear background extended from lower wavenumber
side) in the difference spectra of semicrystalline and amorphous samples were plotted
against etching depth in Fig. 3.14. Both samples showed lower remaining carboxylic
band area with increased etching depth and reached a minimum value o f -0.04 after
removal of about 100 nm, indicating that the majority of the photochemical
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transformation has occurred within a 100 nm near-surface layer. With this small modified
depth, the increase of film thickness beyond ~100 nm will not offer much additional
sample to UV exposure. We are therefore able to attribute the enhanced photochemical
reactions in thicker films to higher molecular mobility in material not affected by the
strong polymer-substrate interaction adjacent to the interface discussed earlier.
The increase of yield with thickness saturates at about 400 nm, suggesting that
films this thick or more represent bulk polymer for our purpose. The average quantum
yields of acid production and decarbonylation for 8 J/cm2 172 nm UV irradiation in the
-400 nm semicrystalline sample were calculated to be 14.3E-4 and 4.6E-4, respectively.
They are very close to the initial quantum yield of Mylar® film 17.2E-4 and 6.1E-4,
reported by Day and Wiles [24] at longer UV wavelength (300-420 nm). This agrees
very well with Kasha’s rule [64], stating only the lowest excited states need to be
considered for initiation of photochemical processes and thus quantum yield of particular
photochemical process is independent of initial excitation energy.

3.3.3. Attenuated total reflectance infrared spectroscopy experiments
Polarized infrared spectroscopy is a powerful method for examining molecular
orientation. The attenuated total reflectance method gives the necessary surface
sensitivity to analyze structures at the near surface region. Hence polarization analyzed
attenuated total reflectance spectroscopy has been frequently employed to study PET
surface orientation and structures [56,65-67].
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This technique relies on the evanescent wave probing the polymer structure at the
polymer-IRE interface when total internal reflection of the IR beam occurs. There is a
well known relationship determining the sampling depth [68]:
£) _
^--------------p 2rnic[Sin2F - ( n s /n c)2]112
Where nc, ns, and F are the refractive index of the IRE crystal, the refractive index of
sample and the angle of incidence, respectively. Table 2 lists sampling depths when
different IREs are used in the ATR experiment. Using different IREs thus provides IR
information from various depth of the samples. Such experiments have been reported in
ref. [65, 66] hence not repeated here.
Table 3.2. Penetration depth of evanescent wave in PET with different IREs
(calculation based on 1720 cm'1 IR)
Crystal

Germanium

KRS-5

Cut Angle (°)

60

45

60

45

Penetration depth (pm)

0.3

0.4

0.7

2.5

The 60° cut Ge IRE gives the best surface sensitivity and 2 mm thick IRE increases the
number of internal reflections thus enhancing the IR signal. ATR experiments with 60°
cut Ge IRE (50 x 20 x 2 mm) were extensively investigated in an attempt to reveal UV
induced transformation in the -100 nm near surface region, as previously suggested.
Figure 3.15 shows comparison plots of IR spectra of Mylar® films before and afterl6
J/cm2 UV treatment under 4 different ATR setups. In Fig. 3.15a, TE (transverse electric
field) polarized IR was set parallel to the transverse direction (TD) of the films,
selectively probing vibrational excitations with dipole moments along that direction.
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Similarly, TE polarized IR can be set to align with the machine direction (MD) of the
films (Fig. 3.15b). TM (transverse magnetic field) polarized IR can also be selected for
analysis. As TM polarized IR beams lie in the incidence plane, IR beams probe the
transition dipole moments along the depth direction as well as one of the TD (Fig. 3.15c)
or MD (Fig. 3.15d). Knowing the transition dipole angle (with respect to the polymer
chain) of various IR bands [48], molecular chain orientation information can be readily
interpreted from the apparent different spectra at various setups. For instance, the
carbonyl stretching band at -1720 cm'1has perpendicular dichroism whereas the ester
modes at 1200-1300 cm'1range has parallel dichroism. The ester modes dominate over
the carbonyl band in the TD direction (Fig. 3.15a,c) but the carbonyl band dominates in
the MD direction (Fig. 3.15b,d), suggesting polymer chains are preferentially oriented
along TD than MD due to the biaxial stretch film-forming process. Furthermore, out-of
plane C-H deformation modes at -870 cm'1 and -720 cm'1 (coupled with the carbonyl
stretching) were of low intensity in the TE polarized IR spectra (Fig. 3.15a,b) but
dominate the TM polarized IR spectra (Fig. 3.15c,d), suggesting that the majority of
benzene rings rotate to be coplanar with the polymer surface as a result of the biaxial
stretch process.
Unfortunately, these spectra are difficult to use for interpreting the effect of UV
irradiation. Despite the previously described measures, the quality of optical contact was
clearly different between experiments of untreated and treated films and the sampling
depths vary. There is no reasonable reference band that we could use to correct for these
differences. Figure 3.15 was scaled to match the middle portion of the spectra to mitigate
the effect from different optical contact quality. Despite the lack of quantitation, the
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carbonyl stretching bands consistently show broadening at the lower wave-number side
after UV treatment, agreeing well with the observation of carboxylic acid creation in the
transmission spectra.

3.3.4. X-ray diffraction studies (WAXD)
The method of grazing incidence X-ray diffraction provides an effective means of
examining crystal orientation at the near surface region of semicrystalline polymers [69].
By controlling the angle of incidence, it is possible to limit the penetration depth of the
X-ray to within about 100 nm of the surface. Figure 3.16 shows XRD data of a virgin
Mylar® LB film, a Mylar® melt-annealed film, and -300 nm semicrystalline spin cast
film. By comparing with reported XRD data of randomly oriented crystal structures
prepared by gel crystallization from ref. [70] (Fig. 3.17), the crystal orientation of above
films can be qualitatively accessed. Different from the random crystal sample, Mylar®
LB film shows a dominant peak at 26°, assigned to (100) planes almost parallel to film
surface. Since the (100) plane corresponds to the PET molecular plane, the dominance of
(100) peak indicates that molecular planes lie parallel to film surface in the near surface
region of Mylar® films, consistent with the ATR data. Spectra of melt-annealed film and
spin cast film appear to be very similar. They generally resemble the spectrum of the
unoriented sample of [70] with slight prominence of the (100) plane, suggesting that
molecular chains retained some orientation after melt-annealing and spin casting induced
some level of uniplanarity of the molecular plane.
In addition to crystal orientation, the crystallinity of semicrystalline polymer may
also be estimated from WAXD data by resolving the peaks into contributions from either
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crystalline or amorphous phase. The crystallinities of Mylar® film and melt-annealed film
are 38% and 35%, respectively. The crystallinity of the spin-cast film falls in the same
range but could not be accurately determined due to the low signal level. No signal from
the crystalline phase can be discerned from a -300 nm amorphous spin cast film.

3.4. Conclusion
Phototransformation of PET by 172 nm UV irradiation was studied with
transmission infrared spectroscopy of spin cast thin films on silicon substrates. The
proposed Norrish type I and II photodegradation mechanisms accounted for the
difference spectra between UV treated and untreated samples. Quantitative analyses were
carried out by simulating the carbonyl stretching band in the difference spectra using
ester and acid type carbonyl model spectra based on reference materials. At low dose
level (8 J/cm2), Norrish type II process, forming acid products, dominated over Norrish
type I based decarbonylation. Trans ethylene glycol conformers were selectively
transformed by Norrish type 13 reaction, whereas low selectivity of carbonyl
conformations as well as conformers resulting from rotation about the C-0 glycol linkage
was observed. At higher dose levels, acid production quickly lowered due to the
depletion of preferential reaction sites. Lower molecular mobility manifested in the
vicinity of polymer-substrate interface inhibited yields of both photochemical processes.
Although the yields were lower in semicrytalline films than amorphous ones, no
significant difference was observed between amorphous and crystalline phase of the same
film. This distinctive behavior suggests that semicrystalline PET is a strongly correlated
molecular dynamic system, where photochemical response of both phases was affected
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by the degree of crystallization. Consistent with this notion, others had to introduce
variable densities of both phases to account for the abnormal gas transport behaviors of
PET with different crystallinity [71]. Similarly, treating IR spectra of semicrystalline PET
as linear combinations of spectra of pure amorphous and crystalline materials also faces
some difficulties [50, 53]. In addition, depth profiling of 172 nm UV treated samples
show a shallow modification depth (-100 nm) so that the UV modification may be
expected to have high efficiency in transforming surface properties and little detrimental
effect on the bulk.
Note: the material in this chapter exclusive of the ATR and XRD work has been accepted
for publication in “Polymer”.

3.5. Possible future work
•

Back side of thick film: We attributed the lower quantum yield in the thinner
films to process induced strain in near polymer-substrate interface region or
strong favorable interaction between substrate and polymer. A further experiment
(proposed by Dennis J. Walls) involving removal of the substrate of a thick film
and UV treatment of the backside of the film may give some insight about the
cause of the lowered quantum yield.

•

XRD: wide angle x-ray diffraction is clearly the means to monitor the changes in
the crystalline phase. So far, we were not able to gather much useful information
from -100 nm spin cast film, which supposedly has better oriented ciystal
structure according to our IR data. There are also some subtle differences of peak
positions between the measured samples, suggesting that crystal parameters may
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vary under different processing conditions. The UV induced changes in the
crystalline phase may also be characterized. However, considerable effort in
optimizing the XRD experiment settings may be required before we may tackle
any of the above questions. The next step would resort to synchrotron XRD.
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CHAPTER IV
Molecular Modeling of the Photophysical and Photochemical Properties
of Polyethylene Terephthalate

4.1. Introduction
Enhanced surface or interface properties are essential to further improvement of
the value-in-use of major commercial polymers. Desirable surface properties such as
improved adhesion, increased (or decreased) permeability, anti-soil, and antimicrobial
activity can be achieved by means of photo-induced surface modification involving
photodegradation and photografting.
Photochemical modification of poly (ethylene terephthalate) (PET) surface is an
especially attractive target because of its importance in textile and packaging industry.
The vast majority work on PET has concentrated on the characterization of the effect of
UV irradiation with either excimer lasers [3, 5, 6, 11, 18] or lamps [9, 10, 12, 17,19].
There were limited efforts on mechanistic understanding of the involved photochemical
[3,24] or photophysical [72-75] processes. However, it is clear if a complete and
thorough understanding of UV modification of PET is to be achieved, a detail description
of the photophysical and photochemical nature of such processes at the molecular level is
required.
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In this chapter, we aim to understand the photophysical properties of PET, namely
absorption and emission by means of computational modeling and then to derive a set of
primary photochemical reactions from the modeling results. The results were then
compared with the photophysical and photochemical observations to gain further
insights.

4.2. Methodology
4.2.1 Experiment
So far, no deep UV absorption spectra below 180 nm of PET have been reported
in the literature, perhaps due to the experimental difficulty of the spectra measurements.
Nor has anyone reported absorption spectra of different PET morphologies. To make
such measurements, we prepared PET thin films of different morphologies on UV
transparent substrates. A PET solution of 1% concentration in o-chlorophenol was
prepared by dissolving small pieces of the untreated DuPont Mylar® LB 48 film used in
our previous work [36] and then spin cast onto 1” diameter, 2 mm thick CaF2 windows
with a CHEMAT Technology spin coater. A film thickness of ~ 120 nm was inferred
from the calibration curve of IR peak area at 1410 cm'1 vs. film thickness established in
chapter HI. Heating in a vacuum oven at ~70°C for 2 hours yielded solvent-free
amorphous films. Further vacuum annealing at ~200°C for another 2 hours afforded a
semicrystalline film, as described in chapter III.
The deep-UV absorption spectra of both amorphous and semicrystalline thin films
were measured at National Synchrotron Light Source beam line U11, from 140 nm to 330
nm with spectrometer developed by Sutherland et al. [76, 77]
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The solution absorption spectra were determined by dissolving a few milligrams
of the material in 25 mL of reagent-grade hexafluoroisopropanol (Aldrich). The
absorbance was measured from 185 nm to 400 nm in a quartz-windowed, 1 mm pathlength cell of a Cary Model 2390 spectrophotometer. (Solution absorption spectra were
measured at DuPont by Michael J. Kelley and are included here for comparison.)

4.2.2. Computational Modeling
All science functions as a model of certain aspects of the physical universe [78].
Molecular modeling simulates the physical and chemical properties of a molecular
system numerically, based on the same fundamental laws of physics as those of
experimental science. The modeling results, if done correctly, could help us to better
interpret experimental observations and may even make scientific predictions that are
otherwise unperceivable The model compounds used in the calculations are composed
of repeating units of PET and terminated with ethyl groups. Geometry parameters were
optimized by semi-empirical quantum mechanical method with the AMI Hamiltonian
[79, 80], which is known to yield reasonably good molecular geometry [81]. Depending
on the starting geometries, different local minima of the ground state energy surface can
be reached. The well-characterized crystalline PET molecular conformation [54] provides
a good starting point. Electronic transitions were computed on the optimized geometries
using the Intermediate Neglect of Differential Overlap model (INDO/S) developed by
Ridley and Zemer for spectra calculation [82-84]. The INDO/S semiempirical
hamiltonian was parameterized at Configuration Interaction-singles (CIS) level of
molecular orbital theory to match experimental electronic spectroscopy data (Zmax), and
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proven to be very accurate in the prediction of low-lying n-n and n-n bands in
molecules containing H and elements of the first and second row [85]. The results
reported here are from the implementation of these methods in ArgusLab 3.1 [86-88] and
Gaussian 98 [89].

4.2.3. Additional modeling approaches
Ab initio calculations based on higher level of theory than molecular orbital
theory were also employed in our molecular modeling for comparison. Molecular orbital
theory (Hartree Fock theory) provides an inadequate treatment of the correlation between
the motions of the electrons within a molecular system, especially that arising between
electrons of opposite spin [78]. Density functional theory (DFT) takes better account of
such effects. The main idea of DFT is to describe an interacting system of fermions via
its density and not via its many-body wave function. A variety of exchange functionals
and correlation functionals were introduced to include same-spin and mixed-spin
interactions, respectively [90]. In addition, these functionals can be used in hybrid form,
which include a mixture of Hartree-Fock exchange with DFT exchange-correlation. We
used Becke’s three-parameter hybrid functional (B3LYP) [91] with relatively large basis
set 6-311+G(d,p) [78], including polarization functions and diffusion functions, in our
calculation. Due to the high computational demand, ab initio calculations were only
carried out on a PET monomer model. Geometry optimization were performed on AMI
optimized structure to save time. Excited state properties were studied with time
dependent DFT (TDDFT), which probes the time evolution of the many electron system.
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4.3. Results and Discussion
4.3.1 UV Absorption
Figure 4.1 shows the UV absorption spectra of the PET solution and thin films,
consistent with the experimental data of Lazare et al. [92]. They are very similar in band
position and band shape except that part of deep UV spectra was not accessible via a
solution approach. Little effect from different morphologies of the films is evident.
Figure 4.2a shows a PET dimer model compound acquired from AMI geometry
optimization, a minimum energy structure consistent with the structure parameters from
X-ray diffraction studies of PET crystalline phase by Daubeny and Bunn [54]. They
determined that PET is present in an almost planar conformation: two carbonyl bonded
adjacent to each benzene ring lies in the plane with trans arrangement with respect to
each other, and all trans conformations with respect to C-C and C -0 bonds. Whereas in
the amorphous phase, the molecular conformation is rather complicated as stated in
chapter III. A major difference from the crystalline phase would be the gauche
conformation around the ethylene glycolic segments [93]. Another minimum energy state
of the PET dimer is shown in Fig. 4.2b that would be a reasonable approximation of the
gauche structures in the amorphous phase.
The electronic spectra of both trans and gauche PET conformers were calculated
for wavelength longer than 140 nm (Figure 4.3, a and b). The calculated results are very
similar except that the degenerate states in trans conformation appear as separate
transitions in gauche conformation due to the small energy difference arising from the
non-coplanar terephthalic fragments. Both conformations include weak transitions at 285
nm, strong transitions near 250 nm, multiple strong transitions in 20 nm range centered at
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Fig. 4.1. UV absorption spectra of (a) PET solution (b) -120 nm thick
amorphous and semicrystalline PET films.
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(b)
Fig. 4.2. PET dimer model compounds of (a) trans conformation
(b) gauche conformation of the ethylene glycol group.
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190 nm, and two others around 165 nm. Assuming gaussian band shape with FWHM of
3200 cm'1 [94, 95], the calculated spectra resemble our measured UV spectra in both the
position and the intensity ratio of the absorption bands, providing evidence that
calculated electronic transitions are reasonable representations of the actual transitions in
PET molecule. The deviation from the observed spectra was somewhat larger for those
high-energy absorption bands below 180 nm. It is quite reasonable as higher excitations
are necessary in the Cl treatment to better approximate those states [85],
The absence of significant change in the calculated spectra as the number of
structure units included is varied (Fig. 4.4) suggests a single monomer unit is sufficient to
give a quantitative description of UV absorption of the polymer system. Thus the
electronic properties of this system appear to arise primarily from the molecular orbitals
localized on the terephthalate moieties.
Compared with a vibrational energy lifetime (10'13~10'12 s), an electronic
transition is nearly instantaneous (10'16~10'15s) [20]. Upon absorption of photons,
electrons “jump” from ground state occupied molecular orbitals to the unoccupied
molecular orbitals and form excited state electronic configurations before nuclei move to
equilibrium positions. This is so called vertical transition. One way to analyze the excited
state electronic configuration is by visualization of the participating unoccupied and
occupied molecular orbitals (MOs). A particular excited state usually involves several
transitions from the high lying occupied MOs to low lying unoccupied MOs with
different contributions. A better way to understand the nature of the excited states is to
view the electron density changes resulted from the overall contributions of various MO
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transitions of the designated excited state, by calculating the electron density difference
between excited states and the ground state of molecular models [96]. Table 4.1 shows a
list of calculated excited states of PET monomer model compound with assigned
electronic configurations.
An overview of the major excited states shows that the above UV absorption
bands are largely attributable to transitions having %-tc character and may be understood
in terms of perturbed benzene transitions [72, 97]. These assignments are consistent with
those made by LaFemina et al. [72] and Kaito et al. [98], based on their calculations with
a Complete Neglect of Differential Overlap model parameterized for spectra calculation
(CNDO/S). Furthermore, Ouchi [99] observed that the PET absorption band at 290 nm is
red shifted as the solvent polarity is increased, consistent with the notion of n -7 t* type
transition [20]. Interestingly, the carbonyl n-7t* transition, which typically shows
absorption peaks at around 300 nm, has not been reported in any PET absorption spectra.
Nor did LaFemina et al. [72] find any n-rc* type transitions in their computation due to the
limitation of the CNDO/S model. Researchers had little insight about where the transition
might be located [99] except for the suggestion that this zero order forbidden weak
transition might be buried under more intense ti-ti peaks [72]. Hence, LaFemina et. al.
assigned the l{n, n ) electronic configuration to the lowest excited singlet state (290 nm
absorption).
As stated earlier, our calculation also suggests that the electronic excitation at 290
nm is indeed a %-% transition. Figure 4.5 shows the electron density difference between
ground state and the excited state (excited state electron density subtracted by ground
state electron density), where the blue color region indicates increased electron density
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Table 4.1. The calculated first 20 excited states of PET monomer model compound.
Electronic nature®

Wavelength (nm)

Oscillator Strength

351.62

0.0000

n -n

349.99

0.0006

n

284.77

0.0397

71 -K

248.07

0.7861

7t ~7t

200.87

0.2922

7t -7Z

200.70

0.0000

%

192.61

0.7816

71 -71

191.94

0.0000

7t -71

187.71

0.0002

n

185.82

0.0000

*
71 -71

184.93

0.4309

*
71 -71

183.78

0.0000

*
n -7E

183.41

0.0002

71-71* (t a )

180.84

0.0025

7C-71 ( a )

179.42

0.0001

a (n)-7t*

172.57

0.0002

n (a) -7c*

172.26

0.0000

7i (a)- a *

170.77

0.0000

n (tc) -7i* (a*)

169.14

0.0000

7t (n)- a* (7i*)

167.93

0.3124

%-7t

*
-%

*
*
*
*
"71
*

*
*

-7 i

*. *

*

a. Orbitals in parenthesis have secondary contribution to the electronic transition.
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Fig. 4.5. Electronic excitation responsible for the 290 nm absorption band
(electron density difference between the excited state and ground state of PET
dimer shown).
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and the red color region indicates lowered electron density in the excited state. The
involved molecular orbitals are spreading over the conjugated n system including two
ester groups and a phenylene group in a PET structure unit. The electronic transition
involves both 71 and n type molecular orbitals thus the state is identified as (n, n ) m
nature. With the INDO/S model being more successful for n-7t* excitations than CNDO/S
and capable of distinguishing the n-7i* singlet and triplet states, separated at first order by
terms that are zero order under CNDO [85], our calculation indicates that there exists an
n-7i* transition at 350 nm (the true lowest excited singlet state). Figure 4.6 shows that the
lowered electron density region is mostly in the molecule plane around oxygen atom,
identified as p type nonbonding n orbital. Whereas, enhanced electron density region is
mostly over the ester group and perpendicular to the molecular plane. These clearly
indicated the nature of the excited state to be *(n, 7t*) type electronic configuration. The
calculated oscillator strength, which is directly related to the extinction coefficient, is
about zero, suggesting that it is largely a forbidden or weakly allowed transition and
hence not detectable in UV absorption spectra. This is probably due to the large
delocalized k orbitals over the entire terephthalate moieties, which inhibit the necessary
nonplanar vibration for orbital configuration mixing of n and tcorbitals. Thus the Zero
Order selection rule is largely maintained and n- n* transition remains a forbidden or a
very weak transition.
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Fig. 4.6. Electron density difference map between the lowest excited singlet state
and the ground state on planar PET dimer model.
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4.3.2. Emission
Even though studies of emission are not part of our experimental program,
comparison to results already reported by others is a useful benchmark for our
computational findings. For most photochemical reactions we need consider only the
lowest excited singlet state (SO or the lowest triplet state (TO of a particular chromophore
for initiation of a reaction (Kasha’s rule) [64]. This is due to the fast internal conversions
from higher electronic states that effectively prohibit relatively slow photochemical
processes from such states. Similarly, these lowest excited states are commonly
responsible for the luminescence properties of the chromophores. Hence the emission
spectra provide important information about the low-lying excited states of PET
molecules.
The intrinsic emission process in PET has been the focus of extensive
investigation [72, 73, 74, 75, 100], as the aromatic ring in the chain backbone makes PET
a feasible candidate for intrinsic emission studies. However, the interactions between the
carbonyl groups and the aromatic ring make PET a much more complex system than the
aromatic pendant-group polymers (such as polystyrene), hence less well understood. Both
fluorescence [73, 74, 75, 99,101] and phosphorescence [73-75] have been observed and,
for the most part, are generally understandable in terms of emissions from the lowest n,
7i* state of the aromatic chromophores of the monomer units. However, the nature of the
368 nm emission is the subject of some controversy.
When PET is excited with 300 nm light, fluorescence is observed at 338 and 368
nm [75]. If 340 nm light was used for excitation instead, only the emission centered at
368 nm was observed and it was also strongly enhanced compared to 300 nm excitation.
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In addition, a broad phosphorescence emission centered at 450 nm can be detected with
excitation at 310 nm [73-75]. The 338 nm emission was attributed to the lowest n, n*
singlet state of the aromatic chromophores of the monomer units and the
phosphorescence to the emission from corresponding %, ii triplet state. With regard to the
nature of the 368 nm emission, early study of Phillips and Shug [102] assigned it to
triplet excimer state emission. Allen and Mckellar [74] disputed such an assignment, and
attributed the emission to an associated ground state dimer. Padhye and Tamhane [103]
studied the effect of crystallinity on this emission with 300 nm excitation and concluded
that the 368 nm emission mainly occurs from the amorphous region. Hemker et al. [75]
proposed that the emission was from a “trap” in the amorphous phase of PET based on
their experiments. The trap can be populated by energy migration following excitation of
71

, % singlet state or by direct excitation with lower energy photons (340 nm). LaFemina

et al [72,100] supported the associated ground state dimer hypothesis based on their
CNDO/S model calculation. Merrill and Roberts [73] however believed that 338 nm and
368 nm were emissions from different chromophores according to their experimental
results. The complex fluorescence spectrum at 368 nm was attributed to similar '(n, 7t*)
excited states of ester groups whereas 338 nm and 454 nm were emissions from singlet
and triplet n, n* states, respectively.
Our calculation results suggest that the lowest excited state is '(n, 7t*) excited states of
ester groups at about 3.5 eV (350 nm) above the ground state, consistent with the
fluorescence emission at 368 nm and supporting Merrill and Roberts’ assignment. The
lowest '(7c, 7t*) excited states of terephthalate moieties lie higher, 4.3 eV (285 nm) above
the ground state, consistent with the fluorescence at 338 nm. Fluorescence from S2 (ft, 7t*)
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states instead of the Si (n, it) has also been reported recently in similar constrained
systems (flavothiones) [104]. The calculated state energies were slightly higher than
measured emission energy due to the vibrational relaxation of the excited states. The
lowest triplet state is however 3(jt, Jt*) in nature, shown in Fig. 4.7, leading to broad
phosphorescence at 450 nm. The much larger S-T energy splitting of it, it than n, it
electronic configuration causes 3(it, it) state to have lower energy than 3(n, tc*) state.
With the state order established (Fig. 4.8), the experimental observations can be
rationalized: when photon energy is sufficient to excite it- it transitions (e.g. X=300 nm),
S2 (it, it) state of PET monomer units will be populated. For structures in PET crystalline
phase [103] or model compound crystals (e.g. dimethyl terephthalate) [74, 75], the
internal conversion to Si (n, it*) will be difficult due to the energy barrier against orbital
configuration mixing. Thus fluorescence from S2 state (338 nm) is observed.
However, nonplanar conformations of the terephthalate moieties tend to be more
favorable in the coiled structure in amorphous phase or solution according to the Raman
[105] and IR [53] spectroscopic analysis. Our geometry optimization of PET model
compounds also supports the enhanced stability of coiled polymer molecules with
carbonyl groups rotated off molecular plane. Figure 4.9 shows a coiled structure of PET
quadramer with energy about 2.5 kcal/mol lower than the planar eonformer. The carbonyl
groups are rotated off the phenylene ring plane with dihedral angles ranging from 1 to 5
degrees, while they were strictly coplanar in the optimized crystalline phase model
compounds. The increased stability of nonplanar conformations in the amorphous phase
would certainly facilitate orbital configuration mixing between n and it orbitals and hence
the internal conversion from S2 (it, it) to Si (n, it*) state, leading to 368 nm fluorescence
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Fig. 4.7. Electron density difference map between the lowest excited triplet state
and the ground state on planar PET dimer model.
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Fig. 4.9. Coiled conformations of a PET quadramer optimized with AMI hamiltonian.
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emission. This explains Phadhye and Tamhane’s observation [103]: the 368 nm emission
mainly occurs from the amorphous region when excited with 300 nm UV as well as
Hemker et al.’s hypothetical “trap” in the amorphous phase [75]. If photon energy is
$

i| i

insufficient to excite molecules to S2 (ft, n ) state, the Si (n, 7 1 ) may be directly populated
and consequently the 368 nm emission dominates, also consistent with experimental
observations [73, 75]. Whereas in the triplets, the emission from T2 state is not observed
possibly because the very low emission rate of triplet state [20] cannot compete with high
internal conversion rate to Ti state. Thus the only phosphorescence from Ti (n, it*) was
observed.
In summary, the reported emissions spectra correspond well to the calculated
excited state order: the 368 nm fluorescence emission from Si (n, %*), the 338 nm
fluorescence emission from S2

( t i,

i t ), and the 450 nm phosphorescence from Ti

( t i,

ti

).

4.3.3. Photochemistry
Now that the lowest singlet and triplet excited states of PET can be attributed to
’(n, 71*) and 3(7i, it), respectively, well-established molecular photochemistry can hence
be applied to infer possible photochemical outcomes.
Consider a standard set of possible primary photochemical reactions from the '(n,
7t*) excited state [20]. Firstly, intermolecular hydrogen abstraction reaction might be
initiated by the half filled in-plane n orbital (Equation 1).
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However, hydrogen abstraction is limited to exothermic reactions, where a relatively
weak hydrogen sigma bond, such as phenol O-H, is involved and activation energy is
small enough to compete with the other rapid modes of deactivation of excited states
[106]. PET molecules possess mostly alkane or aromatic type strong C-H bond thus
unavailable for intermolecular hydrogen abstraction. Even if the possible hydrogen donor
were available, the bimolecular process involved would be inhibited by the rigid polymer
matrix. Intramolecular hydrogen abstraction (Equation 2) is an alternative:
C *w

(2b)
COOH + CH2=C H "v

an intramolecular hydrogen abstraction via six-member cyclic transition structure, known
as Norrish type II rearrangement, is energetically favored over intermolecular processes.
Thus, intramolecular hydrogen abstraction process is a theoretically probable
photochemical reaction from Si state of PET molecules.
Still another possible primary photochemical reaction from '(n, n ) state PET is acleavage, also known as Norrish type I reaction (Equation 3).

/~v_cf / -

(3a)
(3b)

The a-bond weakens by overlap with the half filled n orbital, indicated as the decrease of
electron density of both a-bonds in the electron density difference calculation (Fig. 4.6).
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Since the entropy change of breaking either a-bond is about the same, the enthalpy
change of the bond fragmentation determines the possibility of a reaction. Further, for a
similar chemical process, a more negative enthalpy change is usually associated with
lower activation energy and higher reaction speed. In other words, fragmentation of the
weaker bond is faster and more likely than the stronger bond. Based on the energy
calculation of the Si state model compound and corresponding radical fragments [107],
the enthalpy change of fragmentation of an ester side a-bond (Equation 3a) and an
aromatic ring side a-bond (Equation 3b) are about -11 kcal/mol and 2 kcal/mol
respectively. Thus, homolytic bond scission of C -0 in the ester group is the preferred
reaction path for Norrish type I photochemistry from the Si state. A possible
decarbonylation reaction of the acyl radical can lead to a new radical pair (equation 4)
[24]. Further reactions of the radicals then form stable decarbonylation products.

^

s•0/xv^ — ►^

y •0^ v / + c°

w

On the other hand, T i (ji, n ) will commonly generate a primary diradical product,
which will then proceed to initiate reactions leading to the final products [20]. Similar to
'(n, 71*) state behavior, primary photochemical reactions of Ti (it, n ) state PET may also
be initiated by electron deficient oxygen atom. Following previous discussions,
intramolecular hydrogen abstraction is a possible reaction pass for Ti state PET.
However, the 3(tc, 7i*) state of an aromatic ester is known to have very low quantum yield
[108]. This is due to the lower level of electron deficiency of the delocalized %system
and 3 ( 7 t ,

t i*

)

state can only undergo forbidden coplanar hydrogen abstraction. The

homolytic fragmentation yield is also expected to be lower than from Si state.
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Accordingly, photochemistry from Ti states is expected to play a minor role in the overall
photochemical transformations.
Finally, the S2 (rr, n ) state is generally expected to undergo concerted pericyclic
photoreactions such as electroncyclic rearrangements, cycloadditions, cycloeliminations,
and sigmatropic rearrangements [20]. Such photochemistry may have negligible effect
based on the molecular structures of PET.
In summary, two photochemical processes are most likely to occur from the UV
excited PET molecules; both originate from Si (n, ti*) type states: Norrish type I bond
scission of C -0 in the ester group and Norrish type II rearrangement. These photolytic
products were confirmed by UV exposures at 172 nm (Xenon excimer lamp) [36,40],
185 nm (low-pressure mercury discharge) [3], 193 nm (ArF* Laser) [3,11], and
broadband emission from xenon or carbon arc sources [21-24]. However, the difficulty of
bond movement in rigid polymer matrix inhibits the formation of six-member cyclic
transition state as well as effective bond disassociation, lowering the quantum yields of
both photochemical processes. In chapter III, our infrared measurements show a strong
dependence of quantum yields on polymer chain mobility and polymer morphology.
An understanding of mechanisms provides a basis for interpreting the effect of
irradiation wavelength, as the population of '(n, ti* ) excited state is the prerequisite for the
photochemistry to occur. Day and Wiles [22] studied the wavelength dependence by
filtering broadband emission from a high-pressure mercury lamp and monitoring the acid
creation with transmission IR. They have observed little enhanced photochemical
production when the range of exposure were extended from >302 nm to >280 nm,
suggesting major photochemical transformations were induced by irradiation longer than
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302 nm. Using a low-pressure mercury lamp, Lazare and Srinivasan [3] found 185 nm
irradiation was at least 100 times more efficient than 254 nm in transforming the surface
detected by XPS even though the extinction coefficient for either wavelength is not
significantly different in PET (Fig. 4.1). Our experiments [36] also show that 193 nm
(ArF*) and 172 nm (Xe2 *) are far more efficient than 248 nm (KrF*) in inducing the
photochemistry. These may be explained by the nature of the excitation at various
wavelengths. When irradiated with long wavelength (>310 nm), the Si state will be
directly populated and photochemical reaction can be efficient. However, with the very
low absorptivity of PET in this wavelength range, the photochemical transformation will
spread through the bulk of the film and thus little effect seen on the surface. At 248 or
254 nm, the photon is strongly absorbed but into ( tc,

ti *)

type excited states. Because

access to the Si (n, t i*) from ( t i, t i*) type excited states is difficult, the photochemical
yields are very low at both wavelength. Strong absorptions also occur at 193 nm, 185 nm
and 172 nm due to ti- t i* type transitions. However, n- t i * type transitions are also
underlying the same absorption band (at 188 nm and 184 nm). Since they lie very close in
energy, crossing from ti- t i * type transitions to n- tc* type transitions may be possible and
hence the photochemical quantum yields at these short wavelengths are much higher than
at 254 nm or 248 nm.

4.3.4. Additional results and discussion
PTT and PBT. INDO/S calculations of molecular models with a longer spacer
between terephthalic moieties than PET such as trimers of PBT (Polybutylene
Terephthalate) and PTT (Polytrimethylene Terephthalate) were also carried out.
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Figure 4.10 compares calculation results from PET, PTT, PBT trimer models. No
difference was observed among these model calculation results except that the
degeneracy observed in even number carbon spacer systems (PET and PBT) disappeared
in the odd number carbon spacer model (PTT). These results further support that the
electronic excitations originate from isolated monomer units.
TDDFT, The optimized PET monomer geometry with the DFT method is very
similar to AMI optimized geometry. In fact, INDO/S calculations based on either DFT
optimized or AMI optimized geometry show little difference (Figure 4.1 la and b).
TDDFT calculation of the excited states based on DFT optimized geometry (Figure
4.1 lc) however shows considerable variations from INDO/S calculation results and
appears to correspond less well to the experimental results (shown in Fig. 4.1).

4.4. Conclusion
Photophysical and photochemical properties of PET polymer were investigated by
means of molecular modeling of PET model compounds based on AMI hamiltonian
calculation of molecular geometry and excited state calculation with INDO/S method.
The calculation produces excellent matching results with UV absorption measurements.
A single PET monomer unit is found to be sufficient for describing the major absorption
behaviors of the polymer. The lowest excited state order, discovered by INDO/S method,
differs from others’ work using CNDO/S method. With the improved capability in
predicting n- % type transition, our calculation suggests that '(n, tc*) states of the carbonyl
chromophores are the lowest excited singlet states of PET molecule, the lowest

’ ( tc,

tc*)

states of the terephthalate moieties lie slightly higher than the lowest (n, tc ) states, and
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the lowest triplet states are 3(n, t c ) in nature. This state order successfully explained the
observed emission spectra of PET molecules. Analysis of the possible outcomes from the
lowest excited singlet and triplet states suggests that major photochemical reactions are
Norrish type I bond scission and Norrish type II rearrangement initiated from the lowest
l(n, it*) states, consistent with experimental analysis of the UV induced structures.
Possible crossing from nearby ( j i ,

tc )

type states to (n, t c ) type states underlying the 190

nm absorption band was proposed to explain the much higher efficiency in surface
modification with 193 nm, 185 nm, or 172 nm than with 248 nm or 254 nm irradiations.

4.5. Possible future work
■ Ab initio calculations: TDDFT calculations with large basis sets are
computationally expensive and readily take a couple weeks (in a fast PC) with
models of only tens of atoms, comparing with a few minutes with INDO/S. On
the other hand, semi-empirical methods, such as INDO/S, were parameterized on
the base of experimental observations and complicated with some unknown
factors. For instance, INDO/S calculations seems to work better for large
molecules than the small ones for some unknown reasons [85]. Ab initio
approaches only include explicit approximations, which enable us to better
understand their limits and fitness. TDDFT calculations even find their use for
describing electronic transitions in solid state materials. Further investigation with
ab initio approaches would certainly be valuable addition to the understanding of
photophysical and photochemical properties of PET. A density functional theory
based program called DFTB, developed by scientists at the universities in
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Paderbom, Chemnitz and Dresden, appears to be very promising in reducing the
computational requirements [109].
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CHAPTER V
Grafting onto Polyethylene Terephthalate Driven by 172 nm UV Light

5.1. Introduction
Researchers have long sought ways to impart desirable attributes to polymer
fibers and films by modifying their surface chemistry. Finishes from aqueous media, UV
curable coatings and extrusion coatings have all found application. As an alternative,
grafting has the appeals of making true chemical bonds to the substrate, which promotes
durability, and of depositing a minimum amount of material, which in turn minimizes
materials costs and adverse impact on other properties. The use o f UV to activate the
polymer surface for grafting offers the benefits of freedom from chemical reagents and
straightforward process control. Poly (ethylene terephthalate) - PET- is attractive to
study because of its wide use in textiles and packaging.
The availability of excimer lasers as intense deep UV sources made possible the
direct surface grafting new functionalities. ArF* (193 nm) laser irradiation of PET in an
ammonia atmosphere resulted in surface-bound nitrogen showing evidence of C-N bonds
[11]. Formation of surface amine groups by this process has been reported recently [110].
Since grafting is expected to depend on total UV fluence, the high peak power of excimer
lasers is not needed, making excimer lamps an appealing alternative. A KrCl* excimer
lamp (222 nm) was used to graft a hydrocarbon, a fluorochemical, a silane and a
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polyethylene glycol onto the PET surface [111]. However, the same researchers showed
that 222 nm UV was relatively ineffective in transforming original PET surface without a
reaction partner [19] and correspondingly less surface-bound radicals would be available
for initiating grafting process.
We reported earlier [36,40] that irradiating PET with a xenon excimer lamp (172
nm) under nitrogen results in loss of a C = 0 moiety and in production of carboxylic acid

sites without effect on topography up to a total fluence of 16 J/cm . Above this level no
further change in surface chemistry was evident, but surfaces became rougher, suggesting
the onset of etching. Possible decarbonylation products include phenylene-end polymer
radicals and ethoxy-end polymer radicals. Both radicals are active toward hydrogen
abstraction or addition to unsaturated structures, making them useful for initiating
grafting reactions.
The present work aims to explore the potential of 172 nm xenon excimer UV light
to drive grafting as an effective and simple path toward applications. Based on the radical
nature of the surface photochemical process, desirable grafting reagents would present as
vapors that are non- or slightly absorbing of the UV; we chose n-nonane and 1-octene to
contrast saturation with unsaturation. For nonane, it is expected that hydrogen will be
abstracted by surface radicals to form new alkyl radicals that then can be bound via
radical combination. For octene, the expected path is radical addition to the double bond.
Grafting these hydrocarbons to the PET surface is expected to increase water contact
angle, perhaps approaching that of polyethylene. A particularly valuable end-use
attribute is soil resistance and release, often obtained by providing a fluoropolymer
surface, sought here by grafting an olefin-terminated fluorocarbon.
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5.2. Experimental Section
5.2.1. Materials
The PET used was 12 jam thick commercial production Mylar® LB 48 film
(Dupont).

Materials used as vapor phase grafting reagents were n-nonane (99%,

Aldrich),

1-octene

(98%,

Aldrich),

and

3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-

heptadecafluoro-l-decene (99%, Aldrich), hereafter “HFD”.

5.2.2. Excimer Lamp Exposures
UV irradiations were accomplished with a dielectric barrier discharge (DBD)
excimer lamp of our own construction; a detailed review of such lamps may be found in
Ref. 10. The present lamp has an annular configuration consisting of an inner quartz tube
to carry cooling water, an annular space for the active gas, and a 43 mm diameter outer
Suprasil® quartz tube, 50 cm in length. The lamp was operated at atmospheric pressure
filled with undiluted xenon (Spectra Gas Laser Grade) to produce 172 nm UV. The lamp
is enclosed within a coaxial polycarbonate cylinder, sealed at the ends and continuously
swept by boil-off from liquid nitrogen. The material to be treated was attached to the
inner surface of the enclosure, providing a constant distance to the lamp of about 7 cm.
The grafting agents were introduced into the lamp enclosure by bubbling dry nitrogen
through corresponding liquid at room temperature at flow rate about 10 ccm. The
irradiance at the sample position was measured with an International Light Model 1400A
photometer with a SED-185 detector head. The spectral energy distribution of the lamp
and the detector response curve do not overlap perfectly, necessitating a correction factor
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of 2 to the meter reading to obtain the UV dose. Average irradiance received at sample
position is about 40-20 mW/cm2, depending on the absorptivity of different chemical
2
2
2
vapors. Multiple samples were acquired at UV dose levels of 4 J/cm , 8 J/cm , 16 J/cm ,
and 24 J/cm2.

5.2.3. Surface Analysis
Samples for surface analysis were first rinsed with isopropanol (Fisher, HPLC
grade) and then de-ionized water (>18MQ). XPS analysis of the UV treated materials
was carried out with a VG ESCALAB system, using a Mg anode (1253.6 eV) operated at
10 kV and 200 W. To gain insight into the grafted surface layer thickness, samples were
analyzed with both 90° and 30° takeoff angles respect to sample surface.
Time of flight secondary ion mass spectrometry (ToF/SIMS) provides a more
sensitive surface analysis [25] and is especially effective for polymers [26]. We used a
PHI “TRIFTIICE” instrument to raster a 200 pm x 200 pm surface area with 15 keV
gallium ion beam at 600 pA current with extraction voltage set at 7500 V. Data
acquisition time was set for 5 min and sample surface received an ion dose of 2.4E+11
ion/cm .
Surface topography was characterized by atomic force microscopy (AFM) using a
Digital Instruments “NanoScope® IV” scanning probe microscope in intermittent contact
(“tapping”) mode. The scan rate was set at 0.5 Hz to scan over multiple 10 pm x 10 pm
sampling areas. Second order flattening was applied to the data before surface roughness
analysis.
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The contact angle of distilled water or mineral oil (light oil, Aldrich) at film
surface was measured with Tantec’s CAM-MICRO Goniometer (error= ±2°). The
resulting uncertainty (“error bars”) is equal to the size of the data symbol above and
below.

5.2.4. Effect of ion mass in ToF/SIMS
Additional ToF/SIMS experiments were carried out with a gold cluster ion beam
source for the enhanced secondary ion yields [112]. We used 22 keV, 2 nA primary
beam, operated at 5050 V extraction voltage, to raster over a 100 pm x 100 pm sample
surface area. The gold source was a Au-Ge alloy which emitted a mixture of ion species
containing 53% Au+, 7% Au2 +, and 4% Au3 +, according to ref. 112. Switching between
different ion species was performed by a time of flight mass separation within the
primary ion column. The acquisition times were set differently for each ion species (2
min for Au+, 14 min for Au2 +, and 25 min for Au3 +) to achieve the same primary ion dose
of 4.42E+11 ion/cm2, which is lower than the generally accepted static limit [113].
In addition, a Monte Carlo code based on the binary collision model (TRIM
[114]) has been used to simulate the penetration and scattering of ions in polymer targets.
The calculations were carried out with SR1M 2003 software (version 2003.26) [115].
20000 trajectories were fully calculated for each simulation.
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5.3. Results and Discussion
5.3.1. n-nonane and 1-octene
The interpretation of XPS core level spectral lines of PET is well established [28,
29]. The average intensity ratio of C Is and O Is peaks from three untreated PET samples
is 10.00/4.12, which is close to the nominal value 10/4.
Figure 5.1 presents XPS measurements of the UV dose dependence of O/C ratio
for both nonane and octene grafted materials analyzed at 90° takeoff angle. The O/C ratio
of the n-nonane grafted sample decreases with increasing UV dose up to about 16 J/cm ,
at about 60% of its original value and then returns to a higher O/C ratio with further
increase of UV dose. The UV dose dependence of 1-octene grafted samples is very
similar to n-nonane grafted samples, except that lower O/C ratio is reached at 16 J/cm
for the 1-octene grafted samples, indicating that the PET surface takes up more 1-octene
molecules under similar conditions. The increase of O/C ratio beyond 16 J/cm is for
both materials is probably due to the degradation of PET substrate at this dose level, as
we reported earlier [36].
Figure 5.2 shows the carbon Is region of a typical grafted PET sample (16 J/cm2
UV dose 1-octene) at 90° takeoff angle. The spectra can be fit by three contributions,
assigned to C=0, C-O, and C-C, from high binding energy to low binding energy,
respectively. Both C=0 and C -0 can be attributed to the substrate PET, whereas C-C
includes both aromatic carbon from the substrate and the aliphatic carbon from the
grafting chemicals. In addition, O/C ratios were found in all cases to be further reduced
when XPS analysis was performed at 30° takeoff angle. For example, 16 J/cm2 UV dose
n-nonane grafted PET sample shows about 25% reduction, whereas the same dose octene
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Fig. 5.1. UV dose dependence of surface O/C ratios of n-nonane and 1-octene
grafted PET samples.
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Fig. 5.2. Carbon core level emission of 1-octene grafted PET at 16 J/cm2 (90°
takeoff angle).
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grafted PET sample has 35% reduction. Since the surface layer contributes more at the
lower takeoff angle, this finding is consistent with the notion that grafted hydrocarbon
exists as a thin distinct layer on the top of PET and that octene grafted layers may be
thicker than nonane grafted layers under similar processing conditions. The ToF/SIMS
results below shed further light on this point.
Figure 5.3 presents water contact angle measurements of n-nonane and 1-octene
grafted samples at different UV dose levels. It is evident that increasingly hydrophobic
surfaces have resulted from grafting up to a UV dose 16 J/cm2, where the measured water
contact angle approaches the measured value of pure polyethylene (98°). The water
contact angle at still higher UV dose decreases, consistent with the XPS results
previously reported. However, water contact angle is only slightly affected by increase of
UV dose beyond 4 J/cm2, while greater hydrocarbon uptake is suggested by XPS. This is
consistent with the notion that the outermost surface material attains its final composition
quite soon, while that of the near-surface region continues to evolve. We return to this
point in the discussion of fluoropolymer grafting. In the absence of a grafting reagent
(i.e., UV irradiation only), the water contact angle falls slightly to 70° over the same
region and then remains constant with respect to UV dose.
TOF/SIMS provides detailed chemical structure information from the first and
second layers of polymer surface [25,26]. In m/z=2~100 mass range (Fig. 5.4), nnonane grafted and 1-octene (16 J/cm UV dose) grafted material shows a fragment
pattern characteristic of long chain hydrocarbons, m/z=15,27,29,39,41,43, 55, 57,67,
69 [116]. In the mass range from m/z 100 to m/z 200 (Fig. 5.5), n-nonane grafted PET
exhibits characteristic mass peaks of substrate PET, m/z=105,149,165, 193 [40],
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Fig. 5.3. Water contact angle measurement of n-nonane or 1-octene grafted PET at
different UV dose levels, (water contact angle of polyethylene also shown)
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whereas 1-octene grafted PET shows no prominent mass peaks, consistent with long
chain hydrocarbon spectra. There results suggest that 1-octene grafted PET samples (16
J/cm2 UV dose) are fully covered by hydrocarbon, but n-nonane grafted PET samples
may not be. As noted above, XPS shows some spectral features of PET for these
materials. Their presence in the XPS and absence from the ToF/SIMS is consistent with
the notion of a monomolecular graft layer on top of PET.
Topographical analysis was carried out with AFM comparing UV grafted and
untreated PET samples. The Root-Mean-Square (RMS) surface roughness for all
measured samples is between 1 nm to 2 nm, indicating no islands are formed by
accumulation of hydrocarbon on PET surface and no surface degradation results from LTV
expose up to 16 J/cm2 dose.

5.3.2. Fluorocarbon (HFD)
Fluorocarbons have very low surface energy and thus are appealing as anti-soil
coatings. Figure 5.6 shows the carbon Is region at 90° takeoff angle from HFD-grafted
PET (16 J/cm ). The spectrum can be fit by five contributions, assigned to CF3 , CF2 ,
C=0, C-O, and C-C, from high binding energy to low binding energy, respectively.
Clearly both CF3 and CF2 must originate from the grafted layer and the oxygencontaining species from the substrate. Figure 5.7 displays the quantitative results of XPS
and water contact angle measurements of HFD grafted PET samples as a function of UV
dose. As with the hydrocarbon grafted PET, surface fluorine/carbon ratio from the XPS
data collected at 90° takeoff angle increases with UV dose up to 16 J/cm2 and then
decreases at 24 J/cm2. Water contact angle data also behaves similarly and reaches a
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Fig. 5.7. XPS and water contact angle measurements of HFD grafted PET
samples with respect to different UV doses. (Water contact angle of PTFE
also shown)
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maximum of 109°, approaching the water contact angle value of pure PTFE, 112°. The oil
repellency of the HFD grafted surface was characterized by mineral oil contact angle
measurement (Fig. 5.8). The contact angle of mineral oil ranges from about 0° on
untreated PET up to a maximum of about 65°, after HFD grafting at 8 J/cm2 UV dose.
Interestingly, this oil contact angle value exceeds that of pure PTFE, about 60°. The AFM
measurements of HFD grafted samples show no sign of increased roughness suggesting
this the higher oil contact angle originates from a surface chemical difference between
the pure PET and the grafted material.
A simple model can provide further insight. Consider the grafted material to be a
uniform fluorocarbon overlayer of thickness d on the PET and photoelectron transport to
be described by exponential attenuation. The original substrate signal ( I PET) attenuates
through the grafted layer as I PET = I°PEr exp(-d / XPETSin0), where 6 is the takeoff angle
and Xpet is the inelastic mean free path (IMFP) of substrate photoelectrons in the graft
layer. The signal from the graft layer can be viewed as the difference between the signal
from a thick slab of fluorocarbon ( I FC) and the signal from an equivalent slab with an
overlayer ( I FCexp{-d / XFCSin0)): I FC = I FC[l - exp(-d / XFCSin#)], where XFc is the
IMFP of photoelectrons originating from the fluorocarbon. As I PET/1 FC can be readily
acquired from XPS analysis at various takeoff angles and I PET / I FC remains unchanged
at different takeoff angles, d can thus be calculated if only XPET and XFC are known. In
this case, fluorine signal (F Is, 690 eV) is from the overlayer and oxygen emission (Ols,
533 eV) is from the substrate PET. IMFP values are calculated with G-l equation of
Gries [117] using NIST electron inelastic-mean-ffee-path database. Assuming grafted
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HFD layer of the same density as HFD liquid (1.677 g/cm3), APET and XFC are estimated
to be 2.35 nm and 1.95 nm, respectively. Hence, the calculated fluorocarbon grafted layer
thickness is about 9 A (average of 16 J/cm2 UV dose samples). As the fully extended
HFD has length about 11 A (C-C: 1.54 A, bond angle sp3: 109.5°, C=C: 1.35 A, bond
angle sp2: 1 2 0 °) and fluorocarbon ends tend to form a hydrophobic aggregate, the grafted
fluorocarbon may be present as a self-assembled monolayer. Thus, the outermost surface
layer of this self-assembly would be composed entirely by -CF 3 end groups, rather than
the -CF 2 - typical of fluoropolymer surfaces. This may account for the higher oil contact
angle for HFD grafted surfaces than for PTFE.
ToF/SIMS data of HFD grafted PET (Fig. 5.9) shows mostly characteristic mass
fragments of typical fluorocarbon [118], m/z=T2,31,69,119,131,169,181, with some
near noise level peaks, m/z=104,105,149, possibly originating from substrate PET.

5.3.3. Effect of Changing Ion Mass on ToF/SIMS
Comparing with Gallium LMIG, Bryan et. al. [112] have shown gold cluster gun
could enhance the overall secondary ion yields from PET samples about 10x with Au+,
100x with Au2 +, and 2 0 0 x with Au3 +. In addition, larger ion fragments were more
enhanced than smaller fragments. With our setup, we cannot easily switch between Ga
ion gun and gold cluster gun. Spectra from Ga+ beam were measured at different setting
than the gold cluster beams thus the absolute yields from Ga+ beam cannot be compared
with those from gold cluster beams. Nevertheless, we have also observed the preferential
enhancement of larger PET fragments with gold cluster beam (Fig. 5.10). For instance,
m/z 104 and m/z 149 are two characteristic mass fragments from PET. They were very

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

140

80000-

60000-

40000-

20000-

4000 -

3000-

2000-

1000-

m
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weak peaks in spectra acquired with Ga+ beam but as main peaks (even base peaks) in
spectra acquired with the gold cluster gun. This enhancement is certainly very desirable
for probing large ion fragments, which might tell how grafted species are bound to the
surface. Fluorocarbon grafted films would be an excellent material for such purpose
because of the further improved positive ion yields from the fluorine rich surfaces.
However, a trade-off was observed when analyzing the HFD grafted sample: apparently
deeper information depth accompanies the enhanced ion yields. Figure 5.11 shows
TOF/SIMS spectra of 8 J/cm2 dose HFD grafted PET acquired with Au+, Au2 +, and Au3 +
primary beams from the same surface area. With increasing mass of the primary ions,
mass peaks originating from substrate PET became increasingly intense, compared to
peaks (m/z=12,31, 69,119, 131,169,181) from the grafted layer. A similar behavior was
reported for silicone contaminated samples [112], where silicone peaks were
overwhelmed by bulk information as the primary ion mass increased. The reason for this
could be deeper information depth with gold cluster beam than gallium beam. Another
possibility is that the ion yield of substrate PET is enhanced more than grafted HFD,
which already has a high ion yield.
TRIM calculations have been successfully employed to describe the primary ion
range, stopping powers, the number of displaced atoms, as well as the energy of the
recoils in PET [119,120]. For assisting the interpretation of above data, TRIM
calculations were performed to simulate beam-solid interactions of Ga+ and Au+ beam
into a layered polymer structure resembling the HFD grafted PET, 1 nm PTFE on the top
of 50 nm PET (related parameters taken from the compound library of the software
[115]), at 45° incidence angle. Although only atomic species were calculated for the
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sputtering process, we believe that they may still provide some useful insight. The
calculated ranges of ions in the layered polymer structure (Table 5.1) indicate that the
heavier ions (e.g Au+) have shallower penetration depth in the polymer than lighter ions
(e.g. Ga+) of the same kinetic energy and lower kinetic energy will also lead to shallower
penetration depth.
Table 5.1. Range of ions in a layered polymer structure.
Beam energy

Range (nm)

Primary beam
(keV)

Longitudinal

Lateral

Radial

Ga+

22

20.9

21.0

21.9

Au+

22

19.6

19.8

20.2

Au+

11

14.2

14.3

14.6

Since polyatomic primary ions (e.g. Au2 + and Au3 +) dissociate upon striking the surface
[121], each fragment carries less kinetic energy. Au2 + and Au3 + will thus have shallower
penetration depth in the grafted materials. Hence, higher density of energy will be
deposited in closer to the surface region, inducing more efficient sputtering process.
Further, the dissociated primary ions were temporally and spatially correlated, enhancing
the ‘cooperative’ multiple collision process for the sputtering of large organic fragments
[121,122],
Table 5.2 lists the sputtering data from the impact of different ion beams. Overall
sputtering yields were higher for 22 keV Au+ than for the same energy Ga+ beam and
were even higher for 22 keV Au2 + beam (they may be roughly estimated by doubling the
yields from 11 keV Au+), consistent with the interpretation made with ion range data.
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Table 5.2. Sputtering yields from the layer polymer structure.

22 keV Ga+

22 keV Au+

11 keV Au+

Atomic species

Atoms/ion

eV/Atom

C

1.51

94.45

F

6.73

37.06

H

0.4734

85.19

0

0.0269

282.43

C

2.07

68.8

F

9.7

30.96

H

0.4897

44.14

0

0.0255

143.58

C

1.55

48.84

F

7.57

23.71

H

0.2404

26.09

0

0.0101

75.88

In addition, the enhanced sputtering yields were largely from the top PTFE layer since
the yields of H and O (from PET) remain mostly unchanged or slightly decrease,
suggesting a shallower information depth with gold cluster beam than gallium beam. This
is consistent with the report about secondary ion emissions from arachidic acid LB layers
[123], which shows the decrease of information depth with increasing primary ion mass.
Hence the enhanced substrate signal in our case was not from information depth change
but rather likely due to the preferential enhancement of PET ion yield over grafted layer
ion yield, which is not modeled in TRIM calculations.
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Results in table 5.2 also show that the emitted atoms carry significantly lower
energy from gold cluster beam sputtering than from the gallium beam. The lower energy
may allow larger ions to survive the sputtering process, also in agreement with the
observed enhancement of larger molecular fragments. In addition, species emitted from
substrate layer such as oxygen have much larger kinetic energy than species from the
outer layer such as fluorine, suggesting emitted species from the substrate layer requires
higher energy than those from the surface layer and thus may be subject more violent
molecular arrangements.
With the effect of different ion beams understood, we further examined
TOF/SIMS spectra of HFD-grafted PET in the 500~1000 amu mass range to gain insight
into the grafting mechanism (Fig. 5.12). Three molecular ion species present in this mass
range of untreated PET (Fig. 12a, using Au2 + beam): 3M+1 (m/z 577), 4M+1 (m/z 769),
and 5M+1 (m/z 961), with the PET trimer peak at m/z 577 dominating the spectra. This is
largely attributed to the abundance of PET trimers on PET surface [124], The spectra of 8
J/cm2 dose HFD grafted sample (Fig. 12 b, c, and d) generally have much lower
molecular ion counts in the same region (only m/z 577 was resolved), as much of the
fragment would have to travel through the grafted layer. According to the previous
discussion, using different gold cluster beams would enable us to look at different levels
of the polymer structure, thus revealing interesting phenomenon with the peaks unique to
HFD grafted PET. M/z 907 was most intense peak with Au+beam but became relatively
weaker with increasing primary ion mass, suggesting that this peak was not from
fragmentations related to substrate PET chain, but rather a readily sputtered structure on
the surface, likely originated from HFD modified PET trimer via decarboxylation
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processes similar to those of aromatic carboxylic acids in traditional electron impact mass
spectrometry [125]:
COOCH2CH2OOC

HOOC

c o o c h 2c h 2o o c

CH2CH2(CF2)7CF3

1
COOCH2CH2OOC

c o o c h 2c h 2o o c

CH2CH2(CF2)7CF3

{■G

m/z 907
Subsequent loss of HF from this fragment, commonly encountered in primary and
secondary fluorides in El mass spectrometry [125], led to m/z 887 and 867 peaks, also
most intense with Au+ primary beams. With an opposite behavior, m/z 551 peak was
most intense with Au3+ primary beams but weaker with primary ions of smaller mass.
This peak is hence likely related to the fragmentations of substrate PET instead. It is
identified as following structure based on PET ion fragmentation mechanisms presented
at chapter I:
CH2CH2(CF2)7CF3

m/z 551
As previously suggested from TRIM calculation results, species from substrate layer may
possess relatively high energy and be capable of more violent arrangements. In this case,
losing CO fragment will account for the daughter ion at m/z 523, which also follow the
same trend: increasing intensity with increasing primary ion mass. In addition, a low
intensity peak at m/z 595 is present in HFD grafted samples, of following possible
structure (a parent structure of m/z 551):
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CH3C H = b 0 C

f

V - CH2CH2(CF2)7CF3

m/z 595
Due to the low intensity, its relationship with primary beam type could not be clearly
established. We tend to attribute the origin of this fragment to grafting linkages to
substrate PET, as the such structure of relative low peak intensity could likely result from
more violent rearrangement from the substrate level and is hence less abundant than more
stable and smaller daughter ions such as m/z 551 and 523.

5.4. Conclusion
Vapor-based UV grafting onto the PET surface driven by 172 nm Xe excimer
lamp irradiation was explored using 1-octene and n-nonane vapors as grafting reagents.
XPS, ToF/SIMS and water contact angle measurement confirmed the surface layer to be
hydrocarbon. This is the evidence that the photochemically induced grafting proceeded
by a radical mechanism, as it is the only possible means by which an alkane can be
grafted onto the polymer. The present results suggest that other reagents with a similar
functional group, which can either undergo radical abstraction or radical addition, may
also be suitable grafting agents. Among them, HFD was chosen to demonstrate one
potentially useful application. XPS, ToF/SIMS, water and mineral oil contact angle
measurements of HFD grafted samples confirmed the presence of fluorocarbon on PET
surfaces, providing the surfaces with oil and water repellency. Angle resolved XPS
estimated the layer thickness about 9 A, consistent with the thickness of a self-assembled
HFD monolayer. In addition, higher oil contact angle observed on HFD grafted surface
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than on PTFE surface also supports the notion of self-assembled monolayer. Additional
TOF/SIMS experiments with gold cluster ion gun revealed that some HFD molecules
were connected to substrate PET from a linkage formed via phenylene radical addition to
the double of HFD molecules and confirmed the expected grafting path. In addition, the
analysis of ultra thin graft-layer with different gold cluster beams revealed depth resolved
information from the nano-structure. The relative low energy fragmentation patterns from
the surface layer, resembling those in El mass spectrometry [122], were for the first time
deconvoluted from rearrangement ions dominated by violent physical fragmentations
[34] from the substrate layer.

5.5. Possible future work
•

Functionalized surfaces: A wide range of functional groups may be attached to
PET surfaces with this vapor source deep UV grafting technology. We need
continue to explore other desirable functional groups for polymer surface
modification. Further, a combination of different functional groups may render
polymer with interesting properties. In addition, surface functionalization with
vapor source deep UV grafting process can also be expanded to different polymer
system or even inorganic materials, e.g. functionalization of silicon or diamond
film surfaces for microelectronic applications or biosensor applications [126].

•

TOF/SIMS: according to the simulation results, variation of incidence angle and
energy of the primary ion beam would lead to different information depth. It
would be very interesting to verify the calculation results experimentally. The
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optimized operation conditions may provide further insight about the grafted
structures.
•

Modeling: TRIM calculation does not provide much useful information about the
formation of polyatomic ion species, which is critical for the interpretation of
SIMS spectra. Molecular dynamic simulation [127,128] or improved Monte
Carlo simulation is necessary to reveal the details of ion-induced fragmentation.
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CHAPTER VI
Deep UV Surface Chemistry of PET: anti-microbial surfaces
6.1 Introduction
Articles made from synthetic polymers are everywhere in modem life: garments,
packaging and interior furnishings. We are often in direct or indirect contact with their
surfaces and so are the billions of microorganisms living along with us. Some are odorcausing microbes, some cause food to perish, and others lead to diseases. Of most
concern are organisms with bioterror potential, heightened resistance to antibiotics, or
new virulence (Table 6.1).
It is certainly not a new idea to put antimicrobial coatings onto polymer surfaces
to inactivate or kill the microbes (bacteria in particular). One could easily see the
immediate benefit from such technologies in health-related products. We could gain
protection from pathogens by using antimicrobial surfaces on air filters, carpets,
draperies, furniture, and wall coverings. Such technology could also find significant use
in prevention of odor and discoloration of the textile materials as well as in packaging
materials for prolonging the food shelf-life. Success in such day-to-day applications
demands the cost effectiveness and versatility of the technology.
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Table 6.1. Microbes of special concern
Influence

Kind of microbes
Bioterror

Barillas Anthracis

Anthrax

Yersenia Pestis

Plague

Variola virus

Small pox

Drug resistance Staphylococlus Aureus
in health care

Methicillin resistant

Enterococcus Faecalis

Vancomycin resistant

Acinetobacter

Multidrug-resistant

New Virulence Escherichia coli. 057:H 157

hemorrhagic fever

Unspecified coronavirus

SARS

Avian Virus H5N5

Potential infuenza pandemic

The majority of commercial antimicrobial coatings were based on a controlled
release mechanism, as there were a reasonable array of chemicals known to have
antimicrobial properties to be put on to the surface or into the bulk of the materials.
However, the depletion of antimicrobial chemicals will soon lead to a bio-inactive
surface so that frequent treatments may be needed. Unwanted environmental
contamination may also result from such technology. Accordingly, researchers have
looked into ways to covalently bind bioactive entities onto polymer surfaces. Some
incorporated organic anitmierobials such as tertiary amine, a known broad spectrum
antimicrobial, into polymer backbone structures [129]. Some discovered that suitable UV
induced transformation of polymer would impart antimicrobial activities on the surface
[130,131]. Still, others [132,133] used solution graft polymerization to attach

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

154
antimicrobial functionality to polymer surfaces. Due to their relatively high cost, these
processes may find limited application in other than high performance health care
products.
With our improved understanding of PET deep UV photochemistry, powerful
molecular modeling tools, and new grafting process based on vapor source chemicals, we
set out to develop a cost effective means to impart broad-spectrum antimicrobial
properties to PET surfaces.

6.2. Methodology
6.2.1. Antimicrobial modifications
6.2.1.1. Silver based antimicrobials
Antimicrobial activity can be imparted to PET surfaces by irradiating with 172
nm UV under N 2 purge and then derivatizing the photolytically induced surface
carboxylic acid with a silver salt. Silver salts are known as effective broad-spectrum
antimicrobials [134]. Both the materials used and the process have been described in
details in previous chapters. Briefly, we used 12 pm thick commercial Mylar® LB 48
PET film (Du Pont) and accomplished the UV irradiations with a dielectric barrier
discharge Xe excimer lamp of our own construction. See ref. 36 for details. The
irradiance at the sample position was measured with an International Light Model 1400A
photometer with a SED-185 detector head. The spectral energy distribution of the lamp
and the detector response curve do not overlap perfectly, necessitating a correction factor
of 2 to the meter reading to obtain the UV dose. Average irradiance received at sample
position is about 50 mW/cm2. Multiple samples were acquired at UV dose levels of 4
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J/cm2, 8 J/cm2, 16 J/cm2, 24 J/cm2 and 32 J/cm2. Samples were first rinsed with acetone
to remove soluble species from the surface and then derivatized with silver
trifluoroacetate [3] by overnight (18 h) exposure to a 10'2 M solution of AgOCOCFs in
acetone. The derivatized samples were then rinsed with acetone and allowed to stand in
pure acetone for 1 hour to let unreacted silver be dissolved away. Only samples exposed
to 24 J/cm2 UV were subjected to further bio-tests.

6.2.1.2. Amine based antimicrobials
Vapor source grafting that we describe in chapter IV can be employed for
antimicrobial modification with amine species. Two types of tertiary amine species,
N,N,N',N'-Tetramethyl-1,4-butanediamine (TMBADA, from Aldrich) and N,N,N',N'Tetramethyl-2-butene-1,4-diamine (TMBEDA, from Aldrich) were used as grafting
chemicals. The grafting agents were introduced into the lamp enclosure by bubbling dry
nitrogen through corresponding liquid at room temperature at flow rate about 10 SCFH.
An additional nitrogen line was used to sweep the detector head to prevent contamination
from the grafting chemicals. Due to the absorptivity of the amines at the spectrum range
of our Xenon excimer lamp, the recorded UV exposure dose from the photometer is not
an absolute value but only serves as a reference for samples exposed at different runs.
These as-treated grafting samples were then subject to biotests. Further derivatizations
were also carried out for above tertiary amine grafted samples: Tertiary amine salts were
acquired by exposure to hydrochloric acid (33%~38%, Fisher Scientific) vapor for 10
mins. Quaternary amines were acquired by stirring grafted samples in 1-bromopropane at
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50 °C for 24 h. The residual 1-bromopropane was rinsed away with isopropanol (Fisher,
HPLC grade).
Grafting by directly applying liquid amine onto polymer surface was also
attempted. Aminoethylethanolamine (AEEA), JEFFAMINE® D-230
polyoxypropylenediamine, and JEFFAMINE® T-403 polyoxypropylenetriamine
(Huntsman) were evenly applied onto the PET surface and then subject to 172 nm UV
exposures under constant nitrogen purge.

6.2.2. Characterization
6.2.2.1. XPS
Samples for surface analysis were first rinsed with isopropanol (Fisher, HPLC
grade) and then de-ionized water (>18MQ). XPS analysis of the materials was carried out
with a VG ESCALAB system, using a Mg anode (1253.6 eV) operated at 10 kV and 200
W. Survey scans were carried out at 100 eV pass energy, 2 eV step size and 100 ms
dwell time. High resolution scans were set at 20 eV pass energy, 0.1 eV step size, and
500 ms dwell time. To gain insight into the grafted surface layer thickness, samples were
analyzed with both 90° and 30° take off angles with respect to the sample surface.

6.2.2.2. ToF/SIMS
Time of flight secondary ion mass spectrometry (ToF/SIMS) provides a more
sensitive surface analysis [25] and is especially effective for polymers [26]. We used a
PHI “TRIFTIICE” instrument to raster a 100 pm x 100 pm surface area with 22 keV
gold ion beam at 2 nA current with extraction voltage set at 5050 V. Only Au2 + ions were
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selected as primary ion beam, which accounts for 7% of the source beam [112]. Data
acquisition time was set for 14 min and sample surface received an ion dose of 3.2E+11
ion/cm2, which is lower than the generally accepted static limit [113].

6.2.2.3. Microbiological studies [135]
Microbial response studies were carried out by the Food Microbiology Laboratory
in the department of Animal and Food Sciences at University of Delaware.
Cultures: Escherichia coli TV1058 were the target microorganisms for the
preliminary effectiveness tests of antimicrobial films. E, coli TV 1058 is a recombinant
strain containing lac-promoter driven lux genes obtained from Van Dyk (DuPont
Experimental Station, Wilmington, DE). Cultures were stored in 30% (v/v) glycerol
(Mallinckrodt, Paris, KY) and frozen at -40 °C until use. Cells were revived by
inoculation into Tryptic Soy Broth (TSB, Difco, Detroit, MI) and incubation overnight
for approximately 17 h at 37 °C.
Standard Protocol: Overnight growth of bacteria was pelleted by centrifugation
for 15 min at 2,700g with an IEC Centra-4B Centrifuge (International Equipment
Company, Needham Heights, MA). The TSB supernatant was discarded and the pellet
resuspended in 0.1% (w/v) Bacto-peptone (Difco) water. Centrifugation was repeated.
The supernatant was discarded and the pellet was resuspended in 0.1% (w/v) Bactopeptone (Difco). The same liquid medium was used for washing the cells, performing
dilutions, and exposing the cells to the test film in solution. Bacto-peptone (0.1%, w/v,
Difco) water was inoculated with the test culture to obtain a total volume of 25 mL in a
125-mL culture flask. Untreated and treated PET films were cut immediately prior to
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each experiment into pieces of approximately 2.5 cm2 each with a total surface area of
350 cm2. Untreated and treated films were added to two different flasks containing the
cell suspensions. The flasks were agitated at 100 rpm on a Gyratory Shaker Model G2
(New Brunswick Scientific Co., Inc., New Brunswick, NJ) during incubation. The liquid
was sampled at 0,1.5, 3 and 6 h to determine viable cell counts. Samples were serially
diluted in 0.1% (w/v) Bacto-peptone (Difco) water. The liquid sample was spread-plated
in duplicate with Tryptic Soy Agar (TSA, Difco). Plates were incubated overnight at 37
°C and colonies were counted manually. All experiments were duplicated.

6.2.3 Molecular modeling
Molecular modeling was carried out on gaseous grafting molecules, namely
TMBADA and TMBEDA, to assist the understanding of their photochemical reactions
under deep UV irradiation. Geometry parameters were optimized by semi-empirical
quantum mechanical method with the AMI Hamiltonian [79, 80], which is known to
yield reasonably good molecular geometry [81]. Electronic transitions were computed on
the optimized geometries using the Intermediate Neglect of Differential Overlap model
(INDO/S) developed by Ridley and Zemer for spectra calculation [82-84]. Electron
density differences were calculated between the ground state and the first excited singlet
state to reveal the possible photochemistry of corresponding chemicals under deep UV
irradiation. The results reported here are from the implementation of these methods in
ArgusLab 3.1 [86-88] and Gaussian 98 [89].

6.3. Results and discussion
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6.3.1. Silver based antimicrobials
Silver has been used as a preservative and to fight infections throughout history.
Its use as medicine started in the late 1800s as a topical antiseptic. Silver has been since
widely recognized for its effectiveness in wound healing and antibacterial results. The
antimicrobial activity rests upon the interaction of silver with bacteria’s cellular
membrane [136,137]. This approach greatly minimized the risk of creating resistant
strains of bacteria. It is thus ideal for use as antimicrobial for many medical applications
as simple as eye drops and wound dressing or as complex as treating cancer. Recently,
Aglon™ [138] Technologies Incorporated even received approval by the FDA for use of
silver in the food industry. However, there is growing concern about possible overdose of
silver, which can cause argyria, a condition in which the skin of the entire body assumes
a blue-gray discoloration [139]. Moreover, a high concentration of silver salt (>1%) is
caustic to tissues [140], A simple way to create polymer surface that is capable of
controlled release of silver is highly desirable.
Silver tagging procedures [36] that we used for XPS characterization of photoninduced carboxylic acid rich PET surface may be a convenient path to a new type of
antimicrobial surface. Figure 6.1 shows XPS spectra of the silver derivatized 24 J/cm2
172 nm UV treated PET at 90° takeoff angle. The XPS survey scan (Fig. 6.1. a) indicated
that C, O, and Ag were the major elements presented on the surface while residual silver
trifluoroacetate were completely absent. A high resolution scan of the silver 3d core
level emission (Fig. 6.1. b) found that majority of silver on the surface has a binding
energy about 0.6 eV higher than metallic silver, referred to C ls at 285 eV, and is most
probably surface bound silver ions. A high resolution scan of fluorine Is emission (Fig.
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Fig. 6.1. XPS spectra: (a) low resolution survey scan and high resolution scans of (b)
Ag3d and (c) FIs peak region of a 24 J/cm2 UV treated and silver derivatized sample.
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6.1. c) confirmed that fluorine level on the derivatized surface was undetectable with
XPS. When the takeoff angle of XPS analysis was reduced from 90° to 30°, reducing the
sampling depth in half, the Ag/C ratios increased about 1.5-fold, suggesting the silver
ions were enriched on the outer surface, where they would be most available to microbes.
Preliminary antimicrobial activity assessment was carried out by adding above
treated films into E. Coli TV 1058 culture with an initial population of 106 cfu-mL'1 at
27°C, following the previously described protocol. 6-logio reduction was observed with 6
hours of incubation while no reduction was observed with untreated films. This indicates
a strong antimicrobial activity of the treated film against E. Coli TV 1058.

6.3.2. Amine based antimicrobials
Surface bound amine chemicals function as membrane disrupter to kill microbes
that are in contact [129].
Table 6.2. Some commercial antimicrobial products [141]
Company

Product

Characteristics

Komatsu Seiren, Japan

Bio Guard

Graft polymerization

Dow Coming, UK

Q-5700

Quaternary amine incorporated in
silane

Toyobo,Japan

Biosil

Organic silicones with tertiary
ammonium compounds

Nisshinbo, Japan

Peach fresh

Tertiary ammonium salts

Kuray, Japan

Sanitan

Tertiary ammonium salts

PPT, UK

Aegis microbe shield

Silicone quaternary amine
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There already exist a number of amine based antimicrobial commercial products. (See
table 6.2 for examples) However, they are either temporary coatings that leach into the
environment and become depleted or those produced by costly graft polymerizations. The
single step, vapor source grafting process that we described in chapter IV may however
be an affordable process to produce non-leaching antimicrobial coatings.
Table 6.3. XPS results of amine grafted PET samples.
Materials

UV dose3

Core

FWHM

Center15

Atomic ratios

J/cm2

level

eV

eV

to carbon

Cls

2.45

285

1.00

N ls

2.86

399.7

0.109

Ols

3.11

531.8

0.196

Cls

2.32

285

1.00

N ls

3.01

399.8

0.105

Ols

3.18

531.9

0.187

Cls

2.18

285

1.00

N ls

2.02

399.6

0.116

Ols

2.83

532.2

0.088

Cls

1.85

285

1.00

N ls

1.75

399.8

0.160

Ols

1.92

531.2

0.177

TMBADA/PET 8

TMBADA/PET

TMBEDA/PET

Nylon-6,6

16

8

0

a. Photometer readout, not actual dose received by substrate.
b. Charge correction by setting aliphatic carbon C ls peaks at 285 eV.
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Based on the surface radical grafting mechanisms, both saturated (TMBADA) and
unsaturated (TMBEDA) tertiary amines can be grafted onto PET surfaces. Table 6.3
show a high loading of nitrogen (8~10% atomic) on both grafted surfaces (90° takeoff
angle). (C:N:0=1:0.25:0 for both neat compounds) When comparing grafting under
different UV dose levels, we found no apparent benefits by exposing the sample with
more than 8 J/cm2 UV dose under current settings. We thus focused our preliminary
experiments on 8 J/cm2 UV dose samples. Although similar in atomic composition,
TMBADA grafted samples have significantly wider N ls peaks (FWHM=~3 eV) than
those of the TMBEDA grafted samples (FWHM=~2eV). Whereas a nylon-6,6 sample
standard (DuPont) analyzed under the same setting show FWHM of 1.7-1.8 eV,
suggesting there are multiple nitrogen species with different chemical environments
presented in TMBADA grafted sample surface and a single nitrogen chemical species
might instead dominate the TMBEDA grafted ones. Figure 6.2 shows core level C ls
emission peaks of both 4 J/cm2 TMBADA and TMBEDA grafted samples along with that
of untreated PET. The small C ls peak at the high binding energy side (288.9 eV) is
attributed to carbonyl carbon from PET substrate. It only appears as a very low intensity
shoulder at TMBADA grafted sample and was almost undetectable for TMBEDA grafted
samples, suggesting that the grafted layers were relatively thick. In addition, shallower
takeoff angle (30°) appears to have little effect on elemental ratios detected by XPS,
indicating the surface layer being relatively uniform in depth within XPS sampling range
(-10 nm). Compared with the UV transparent species used in chapter IV (nonane and
octane), both tertiary amine compounds were readily grafted onto the PET substrate with
only 8 J/cm2 UV delivered to the substrate. Accordingly, we suspect that the
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photochemistry of grafting agents themselves may have played an important role in
amine grafting applications.
As amine functional groups generally do not absorb UV irradiation at wavelength
greater than 190 nm, no studies of amine deep UV photochemistry have been reported.
Molecular modeling is therefore appealing to assist our interpretation of our grafting
process. Table 6.4 lists the energy and oscillator strength for the first 10 excited states of
TMBADA and TMBEDA.
Table 6.4. Calculation results of first 10 excited states of TMBADA and TMBEDA.
TMBEDA

TMBADA
Wavelength

Oscillator strength

(nm)

Wavelength

Oscillator strength

(nm)

169.17

0.0018

189.80

0.0049

164.35

0.0030

186.97

0.0459

157.62

0.0070

177.83

0.2377

153.66

0.0043

172.28

0.2469

153.15

0.0039

168.28

0.0260

149.99

0.0061

163.75

0.0250

136.85

0.0157

160.98

0.0223

133.06

0.0042

157.05

0.0070

127.36

0.0045

152.95

0.0051

125.50

0.0081

152.46

0.0065
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Both show absorption bands near 172 nm, consistent with the observed decrease of
photometer reading when introducing of amine vapors into the lamp enclosure. The
lowest excited states, which govern the photochemistry, possess relatively higher energy
in TMBADA than in TMBEDA.
Discussions in chapter IV suggested that calculating the electron density
difference between excited states and ground state model compounds would help to
identify the nature of the electronic excitation and hence the corresponding
photochemistry. Figure 6.3 shows the electron density difference map (ground state
electron density subtracted from excited state electron density) between the Si state and
ground state TMBADA. The negative regions (red color) indicate lowered electron
density due to the electron transition and they were largely located at p type nonbonding
n orbital of one of the nitrogen atoms. Similar electron density map was also present at
the other nitrogen atom in the other degenerated Si state. The positive regions (blue
color) indicate increased electron density and they were mostly localized close to C and
H atoms, probably involving a* type orbitals. In addition, some electron density decrease
at o bonds is observed, most likely due to the overlap with the n orbitals of the nitrogen.
We thus attribute this transition to n-o* in nature. The corresponding triplet state (Fig. 6.4)
has very similar electron density features, thus assigned to 3(n, a*). By comparing with
the known photochemistry of n, % excited states [20], we expect atom abstraction, radical
addition, electron abstraction and a-cleavage from the electron deficient n orbitals.
Electron occupancy of the a* may lead to the dissociation of the a bonds. Hence, we
believe that a rich radical photochemistry would involve the amine functional group and
facilitate the grafting process. On the other hand, the activated amine group may be
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Fig. 6.3. Electron density difference between the lowest excited singlet state and
ground state of TMBADA. (Only one of the degenerated state shown for clarity.)
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Fig. 6.4. Electron density difference between the lowest excited triplet state and
ground state of TMBADA. (Only one of the degenerated state shown for clarity.)
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converted to other functional groups, e.g. amide, if N-C bond dissociates and the
resulting amine radical reacts with surface ester groups. The calculated electron density
difference of Si and ground state TMBEDA (Fig. 6.5) however shows electron density
decrease at around it orbitals and increase at the vicinity of atoms of the vinyl group. This
transition mainly involves jt- it type transition and features of o, o type orbital from
orbital mixing. Thus we assign this transition to it- n in nature; the corresponding triplet
state also looked similar (Fig. 6.6), 3(7t, it). Si (it, it) is expected to undergo concerted
pericyclic photoreactions whereas Ti (it, it) undergoes primary photoreactions
characteristic of radicals [20]. Thus photochemical grafting or even polymerization
would also be highly probable. With the excitation energy largely located at the double
bond, destruction of the amine group may be mitigated.
Chemical derivatization of surface will help to reveal more information about the
chemical properties of the grafted layer. Since hydrochloric acid vapor would only react
with base amine and be retained in the grafted layer (untreated PET shows no chlorine
uptakes), the chlorine uptake would be a good indication of active amine level in the
grafted materials.
CH3
*» N

+
'c h 3

HCI

►

CH3
" “‘Nl-f C l
'c h 3

( 1)

Figure 6.7 shows XPS spectra of chlorine derived grafting samples and control sample.
The chlorine uptakes of TMBEDA grafted samples are about 4% atomic concentration,
which generally accounts for 45% of the grafted amine. A new nitrogen peak also
appears at a binding energy 2.3 eV higher than the original one, due to the formation of
ammonium salt. Resolving this doublet confirmed that 45% of the nitrogen species were
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Fig. 6.5. Electron density difference between the lowest excited singlet state and
ground state of TMBEDA.
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Fig. 6.6. Electron density difference between the lowest excited triplet state and
ground state of TMBEDA.
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Fig. 6.7. XPS spectra of the chlorine derivatized (a) untreated PET
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converted to ammonium salt. Whereas the chlorine uptakes of the TMBADA grafted
samples were mostly less than 1%, accounting for about 15% of the grafted nitrogen
species, and only slight enhancement of intensity at the high binding energy side of the
peak was observed.
Similarly, quatemization reaction with 1-bromopropane may also help to reveal
active amine content.
CH3CH2CH2
IC H 3

CHs

+

am /> n

CH3CH2CH2Br

sc h 3

►

(2)
1 }

*w[TBr
sc h 3

Figure 6.8 shows XPS spectra of quatemized grafting samples and blank control.
Bromide contents of the TMBEDA grafted samples were again higher than that of the
TMBADA grafted sample. And a new nitrogen peak from quaternary amine appeared at a
binding energy 2.4 eV higher than the N ls peak of the pre-quatemized TMBEDA graftsamples, whereas only slight enhancement was observed at the high binding energy side
of N ls peak of the TMBADA graft-samples. Both chlorine derivatization and amine
quatemization result indicate that higher amount of active amine group was preserved in
the TMBEDA grafting process than TMBADA grafting. However, in both cases,
derivatization reactions occur throughout the grafted layer and thus are sensitive to layer
thickness. In addition, some active amine species may not be accessible to derivatization
due to the steric effect arising from non-bonded repulsions [132]. Thus the exact
percentage of active surface exposed amine species may be higher than the estimation
from derivatization experiments.
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TOF/SIMS can reveal detailed chemical information about the top one or two
monolayers of material surfaces and is thus preferable for polymer surface analysis [26].
However, the complex sputtering/desorption processes make the spectra interpretation
very challenging. Most recently, Spool [122] conducted static SIMS analysis of simple
organic species and concluded that electron impact/electronic excitation play a pivotal
role in the formation of secondary ions in the SIMS experiment, especially those
originating from discrete molecular species. Thus the rules established in electron impact
mass spectrometry [125] may still apply in static SIMS experiments.
Either during or following the sputtering process, organic species are assumed to
ionize via the loss of a single electron (for the production of positive ion spectra) to form
odd-electron ions. The unstable odd-electron ions can then undergo rearrangements and
fragmentation to form even-electron ions. Because the ions are highly vibrationally
excited, they may undergo more unusual rearrangement or fragmentation in the static
SIMS experiment than El mass spectroscopy.
Amines are not commonly encountered in polymer analysis thus are not available
in the database standards for static SIMS analysis. Knowledge of El mass spectroscopy of
amine compounds [125] suggests that fragmentation should originate from odd-electron
ion with one of the nitrogen lone pair electrons removed since the ionization potential of
amine is relatively low (~9 eV). The most intense ion in the spectra of aliphatic amine
should be resulted from a-cleavage. Assuming the tertiary amine functional groups were
preserved during the grafting process, peak m/z=58 should be the base peak according to
following process.
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Figure 6.9 shows TOF/SIMS spectra of both TMBADA and TMBEDA grafted samples
in the 2-100 amu range. Indeed, peaks at m/z=58 are intense in both cases. The major
difference between these two samples is the relative intensity of this mass fragment. The
m/z 58 peak rises much higher than other peaks in TMBEDA grafted samples whereas it
is only a moderate intensity peak (second to m/z 44) in TMBADA grafted samples.
Although it is clear that other intense even mass peaks (m/z=30,44,68, 70, 82, 84,98)
contain single nitrogen atom (not part of hydrocarbon envelop), their origin is ambiguous.
They may be rearrangement ion fragments originated from the tertiary functional groups
or may be ion fragments from UV damaged structures. Nevertheless, TOF/SIMS data
also support that the double bond structure in TMBEDA does help to protect the amine
group, as the characteristic m/z 58 peak dominates the spectra.
The preliminary antimicrobial activity assessments were carried out by adding
treated films into E. Coli. TV 1058 culture with an initial population of IQ6 cfu-mL'1 at
27°C. In the case of TMBADA grafted samples, only 0.3-logio reduction was observed
with 6 hours of incubation, suggesting only mild inhibition of bacteria growth. TMBEDA
grafted samples however appears to be more promising, 2.5-logio reduction was observed
with 24 hours of incubation (more than 99% bacteria died.).

6.3.3. Additional results and discussion
PET grafting with liquid amines was also achieved. Table 6.5 lists the XPS
analysis results of the grafted surface, indicating liquid amine may also be grafted onto
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Fig. 6.9. ToF/SIMS spectra of (a) TMBADA grafted PET (b) TMBEDA grafted
PET (m/z 2-100 m/z).
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PET surfaces. (Neat AEEA, D-230, and T-403 compounds have nominal N/C ratios of
0.5,0.185, and 0.137, respectively.) However, the grafting processes appeared to be less
efficient than using previous vapor chemicals, probably because the high absorptivity of
liquid amine chemicals and the relative thick liquid layer prevented effective grafting
reactions between amine and the PET substrate. Besides the low grafting efficiency and
the difficulty of managing the corrosive liquid media, such a grafting approach also
requires steps to remove the excess amount of grafting agents, and thus have little
practical value. No further efforts were devoted to this approach.
Table 6.5. XPS analysis of liquid amine grafted PET.
N/C ratio of the grafted surface

UV dose
(J/cm2)

AEEA

D -2 3 0

T-403

0

0.004

0.003

0.00

4

0.019

0.038

0.009

8

0.039

0.073

0.014

16

0.043

0.073

0.078

6.4. Conclusion
Cost effective approaches for creating a broad-spectrum antimicrobial surface on
commercial PET were demonstrated. Silver ion was attached to the PET surface by
derivatizing UV induced carboxylic acid sites with silver salts. The resulting surface was
shown to be rich in surface bound silver ions. Preliminary microbiological studies show
that it has high antimicrobial activity against E. Coli. This approach greatly minimized
the risks of over dosage because of the very low silver content on the surface and may be
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of practical value in medical application such as easy-to-use wound dressing. Two
tertiary amine compounds (TMBADA and TMBEDA) were introduced onto PET by
single step vapor source grafting approach for the combined benefits of low
manufacturing cost and non-leaching characteristic of the coatings. Surface analysis
indicated that a grafted layer containing nitrogen species quickly formed on polymer
substrate via photochemical transformations of both the grafting agents and the substrate.
Molecular modeling of the tertiary amine excited states suggested that both amine
chemicals may involve active radical chemistries under 172 nm UV irradiation. The
different natures of the lowest excited states of the chemicals predicted that the tertiary
amine functional groups of TMBADA are likely transformed due to the electronic
activation of the amine groups whereas those in TMBEDA are largely maintained
because of the protection from the double bond structure. Further surface analysis with
XPS and TOF/SIMS proved that tertiary amines groups were much more abundant on
TMBEDA grafted surfaces than TMBADA grafted ones. Contrary to relatively inactive
TMBADA grafted surfaces, TMBEDA grafted ones also show promising antimicrobial
activity in microbiological studies using E. Coli. as the target microbes.

6.5. Possible future work
■ System optimization: so far amine grafting experiments were mostly carried out
under fixed exposure time, nitrogen purging rate, and chemical input rate. Variation of
these parameters would certainly affect the grafted layer thickness and the grafted layer
composition since photochemical reactions of grafting agents play an important role in
the process.
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■ Other grafting agents: different amine chemicals of various levels of antimicrobial
activity may be tested as grafting agents. For instance, primary and secondary amine
chemicals generally have better antimicrobial performance than tertiary amines. In
addition, bioactivity of surface bound chemicals relies on its contact with microbes,
thus the surface affinity to microbes or mobility of the functional groups would likely
affect the performance and require systematic investigation.
■ Microbiological studies: only the preliminary microbiological tests were performed to
verify the validity of the approach. Further tests were clearly needed to characterize the
surface-bound antimicrobials. For instance, washing cycle of grafted samples to test the
durability of the graft; bio-tests of chlorine derivatized surfaces and quaternary amine
surfaces have yet been tested; other target microbes than E. Coli. may be tested for a
particular application that the antimicrobial surfaces are intended for.
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CHAPTER VII
Summary and Conclusions

7.1. Overview
With the maturing of the materials science and engineering discipline, research
efforts have steered away from developing of a single material species of superb overall
performance but rather focused on integrating multiple high performance materials. Thus
surface and interface properties receive an increasing amount of attention. The purpose of
this dissertation was to develop a novel approach to modify the surface or interface
properties of polymers, using PET as the primary test subject due to its importance
among polymeric materials. The accomplishment of this goal is heavily indebted to the
systematic approach based on the combined experimental and computational efforts,
which may be readily transferred to different systems. Specific findings about PET
photochemistry and photophysics have also been a critical component for the successful
completion of the task. They may in addition help to expand knowledge in the
corresponding area. Equally important are the scientific discoveries about the behavior of
polymer molecules on the surface and the interface as well as the deeper understanding of
individual surface analysis techniques. This knowledge will benefit future research in
areas beyond the current research topic of “photochemical modification of polyethylene
terephthalate surface”.
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It is necessary to review what we have learned from this dissertation research in
different perspectives that others may benefit the most.

7.2. Experimental vs. computational
Earlier in chapter I, we discussed the need for the combined experimental and
computational approaches to compensate the drawbacks of the individual approaches for
our research. The discussion may in fact be well suited for any research area and may
never be overly stressed: the computational modeling can provide a simplified view point
of the system, which may otherwise be obscured by the complexity of the corresponding
physical system. In turn well-directed experimental efforts can provide good calibrations
for the approximated computational models.
Our focus in this research is the understanding of molecular mechanisms, a
central topic of computational chemistry. There are long lists of computational methods
dealing with molecular properties, including the energy of a particular molecular
structure, the optimization of molecular geometry, the intramolecular motions (vibration).
These methods are based on either classical physics or quantum physics and both may be
employed to simulate above properties. However, the excited state simulation described
in chapter IV requires explicit considerations of the electrons (fermions) so that it can
only be treated with quantum mechanical methods. So far, the semi-empirical HartreeFock simulations appear to be satisfactory: simulated spectra are consistent with UV
absorption measurements and calculated excited states are successful in interpreting the
emission spectra and the photochemistry. Further efforts may be devoted to ah initio
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calculations with a higher level of theory to better simulate the system. Of course, these
could only be done with the expense of more computational power.
There appears to be fewer options with modeling a dynamic process involving
large molecular ensembles such as the sputtering process critical to secondary ion mass
spectrometry. A typical approach will be Monte Carlo calculation, such as the TRIM
program used in chapter V. In this case, ion-atom collisions were treated with quantum
mechanical methods, and the transport of ion in matter was simulated with “jumps”
between collisions with a random sampling scheme. Whereas a full quantum dynamics
treatment of the system is impossible as the time evolution of a large system is highly
computationally demanding. The TRIM program can be used to successfully predict the
primary ion ranges, atom displacements, and recoils but is not suited to model the
emission of molecular ions from polymers since each collision is treated as independent
process in the calculation whereas the uplift of a molecular ion requires a cooperative
collision process. The other approach is molecular dynamic simulation based on classic
physics calculations. It appears to be hopeful in modeling the sputtering of molecular ions
as the time evolution was fully described. However, the dependence on classical physics
may be a theoretical limit for improving the quantitative accuracy of the modeling results.

7.3. PET photochemistry
Progress has been made in this research regarding PET photochemistry. First, the
controversy of the photochemical mechanisms has been resolved. Both our surface
characterization and computational modeling results support two primary photochemical
processes: Norrish type I fragmentations leading to decarbonylation and active surface
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radicals and Norrish type II rearrangements leading to carboxylic acid and vinyl end
structures. Both photochemical reactions are initiated from the lowest singlet state of n,
n nature. Structural details of possible photochemical products have been identified
experimentally. Second, the wavelength dependence of the photochemistry has been
revealed. No new photochemical passage appears with higher energy photons up to 7.2
eV (172 nm) but the quantum yields vary with the wavelength. Those capable of directly
populating n, % type excited states have relative higher yields than those populating n, %
type states due to the restricted configuration mixing. Third, detailed analysis of the
factors affecting surface modification with 172 nm UV has also been conducted:
molecular mobility is found to be an important limiting factor of the quantum efficiency
as indicated by the lower yields in semicrystalline PET than amorphous materials, and the
lower yields in the lower mobility substrate-PET interface region than the bulk region.
Molecular conformation is another affecting factor due to the conformation requirement
of Norrish type II processes. The Norrish type II yield quickly fell with increasing UV
dose due to the depletion of preferable conformations. Fourth, important process
parameters have been acquired: 172 nm UV irradiation of Mylar® LB film beyond 16
J/cm leads to the etching of the surface, which determines the maximum UV dose of the
grafting process. The modification depth of 172 nm UV in PET is about 100 nm,
mitigating the UV damage to the bulk of the material. Thus, a rather detailed
understanding of the photochemistry of PET has been established from our work. Of
course still more details may be later learned about the process, as there is no limit for
any scientific research. Future effort may be directed to better quantitative understanding
of the effects of surface, morphology, and conformation on the photochemistry.
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7.4. Surface analysis techniques
As our major research goal is the modification of surfaces, naturally considerable
amount of efforts were devoted to analyze the surface with various instrumental
techniques and a couple of new approaches were developed. First, thin film transmission
IR was used for the first time to reveal polymer deep UV photochemistry in contrast to
the ATR/IR analysis improperly interpreted in some reported polymer photochemistry
studies. A significant aspect was the use of model spectra to help resolve quantitative
information from the differential shape peaks. The implementation of IR spectroscopy in
obtaining near surface structure information in PET may help to understand
photochemistry in other polymer systems. Second, deuterium water derivatization of the
polymer surface for static SIMS analysis was also first employed in this research,
providing a convenient method to characterize surface hydroxyl groups that have mass
peaks overlap with main chain ion fragments and to better understand their fragmentation
mechanisms. Third, the effect of different primary ion mass on the second ion yields from
a grafted sample was investigated. Such information was, for the first time, successfully
employed to further resolve the depth information from polymer TOF/SIMS spectra.

7.5. Single step, vapor source, UV grafting
Developing an affordable UV driven alternative for surface chemical modification
is a key objective of this work. Based on a thorough understanding of the PET
photochemistry and a detailed characterization of the effect of 172 nm irradiation on the
surface chemistry, we concluded that the amount and the activity of the UV induced
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surface radicals are sufficient to initiate grafting process with vapor source chemicals.
Grafting experiments with olefins demonstrated that molecules could be grafted onto
PET surface by undergoing either radical addition or radical abstraction reactions. A
fluorocarbon molecule was shown to be successfully grafted onto PET surface to form
grafted monolayer of great anti-stain/soil potential after a mere 8 J/cm2 UV exposure
under current un-optimized settings. Examining the grafting linkage with TQF/SIMS
revealed structures consistent with the proposed mechanisms. Grafting of UV active
species has somewhat different mechanisms: the photochemistry of the grafting species
also played an important role. Two chemicals of the same amine functionality but with
different olefin structures were grafted onto PET, forming grafted layers with
considerably different amine activity, manifesting the effect from different amine
photochemistry. The amine-grafted samples were to demonstrate a new process to
achieve an antimicrobial surface, with the clear advantage of a simple low cost process
over traditional, photoinitiator-based UV curable systems. A potential issue may involve
the UV damage to UV active grafting species and the bulk of the material. The latter may
be mitigated by the shallow penetration of 172 nm UV and the possible crosslinking from
radical chemistry. Durability of the grafted layer also requires further investigation.
In summary, application of this single step, vapor source deep UV grafting
process is still in its infant stage with the full application potential unexplored. Future
effort shall be directed to optimization of the process with regard to UV irradiation
system and grafting species.
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Appendix
Excimer Lamp Operation Manual

PROGRAM BACKGROUND

Work here and elsewhere reported in the journal and patent literature shows that
irradiating surfaces such as polymers with sub-250 nm UV light in certain ways produces
valuable changes. Most of the original work was done with excimer lasers, but they are
too costly (more than 10 cents/kJ) for commercialization. To deploy our technology, we
need a source of low-cost (< 0.1 cents/kJ) UV light at the right wavelengths which is
reliable and can be put on plant equipment. The technology that we call excimer lamps
will likely meet that need in many cases. We therefore seek to understand it and develop
its application to our processes.

TECHNOLOGY BACKGROUND
The underlying principle of excimer lamp operation is to establish an electrical
discharge in a suitable gas mixture and to recover as much of that energy as possible in
the form of UV light. In contrast with the excimer laser, our excimer lamp creates the
discharge by applying high-voltage (several kV) radio frequency electricity (RF) between
two electrodes separated by the gas mixture and at least one insulating wall. That is, it is
a capacitively coupled, dielectric barrier discharge.
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The wavelength of the UV light emitted depends on the gas mixture, which
contains at least a noble gas and a buffer gas, and may also contain chlorine or fluorine.
These are similar to the mixtures used in excimer lasers, except that fluorine is not
commonly used in the lamps because the windows become opaque on too short a time
scale. We foresee possible operation at 172 nm (Xe2 *), 193 nm (ArF ), 222 nm (KrCl)
and 308 nm (XeCl*). Our research has shown that under optimum operating conditions
more than 30% of the input energy is converted to light [142]; the remainder is heat that
must be removed or emission of light ceases.
The basic components of an excimer lamp set-up are: RF power supply, gas
handling system, lamp body, lamp cooling facilities, UV detector, and materials exposure
hardware. Note that in a plant application, the lamps would be permanently filled so that
the gas handling system would be absent.

PRESENT FACILITIES
The facilities are located in Lab 1 of the FEL building, to take advantage of the
480 volt power, house nitrogen and house chilled water not available elsewhere. The RF
power comes from a 6 kW supply operable from about 100 kHz to about 500 kHz built
for us by ILT/FhG at Aachen in Germany. It requires 240V 3 phase "Y" power (3 hot, 1
neutral, 1 ground), not standard in the US. Accordingly, we have purchased a suitable
transformer to operate from available 480 V lines. The output of the power supply is
carried by two high voltage cables (30 kV insulation) attached at the rear. They float
with respect to ground, so that either may grounded so as to achieve the safest operation.
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Typically the grounded lead would be connected to the electrode most likely to be
contacted by an operator. In our operation, the inner electrode (see below) is hot.
The annular lamp configuration consists of an inner quartz tube to carry cooling
water, an annular space for the active gas, and a 43 mm diameter outer Suprasil quartz
tube, 50 cm in length. The inner electrode is immersed in high purity water (>18 MQ),
which is circulated by a Neslab I unit, exchanging its heat to the house-chilled water
system. The unit has a rated capacity of 12 kW, compared to the maximum 6 kW that can
be delivered by the power supply. The annular gap is filled with undiluted Xenon gas
(Spectra Gas Laser Grade) at atmospheric pressure to produce 172 nm UV. The lamp is
isolated from the atmosphere by a buffer bottle and a bubbler filled with vacuum pump
oil, so as to avoid pressurization. A water bubbler was used previously and the excess
water vapor led to inactivation of the discharge. The buffer bottle is to prevent backfilling
the discharge gap with oil under improper system shutdown. The lamp is enclosed within
a coaxial polycarbonate cylinder, sealed at the ends and continuously swept by boil-off
from liquid nitrogen. The material to be treated was attached to the inner surface of the
enclosure, providing a constant distance to the lamp of about 7 cm. The irradiance at the
sample position was measured with an International Light Model 1400A photometer with
a SED-185 detector head. The spectral energy distribution of the lamp and the detector
response curve do not overlap perfectly, necessitating a correction factor of 2 to the meter
reading to obtain the UV dose. Average irradiance received at sample position is about 50
•j

mW/cm . Additional gas lines are used to introduce grafting agents or purge the detector
front surface.
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KNOWN HAZARDS AND THEIR MITIGATION
1. 10 kV, 6 kW, 100 - 500 kHz RF power. Need to carefully isolate it. A grounded
mesh wire is used to enclose the entire lamp housing to minimize the RF leakage.
2. UV light. The irradiance measured at the inner surface of the lamp closure can be
as high as 50 mW/cm2. The plastic used for the enclosure is not transparent at 172
nm.
3. Reaction products. May generate small amounts of ozone or products from
reaction with grafting chemicals. Need to operate with ventilation, here provided
by the enclosure and ventilation pipeline from the fume hood.
4. Pressure. Pressurization from supply cylinder supplies is forestalled by free egress
through the bubbler.
5. Cooling line bursting by boiling induced by overheat of the cooling water could
occur if there was an undetected failure of flow during high power operation.
Recognition of the problem and appropriate action by the operator on this time
scale cannot be assumed and a flow-sensing power interlock is therefore provided
downstream from the lamp.
6. Degradation of the lamp vessel. Photodegradation of the quartz used to construct
the lamp has been reported to occur after 3000 hours operation at 172 nm.
However, this time may depend on minor details of the quartz purity. Degradation
reportedly resulted in cracking, which in turn led to loss of coolant. Fortunately,
the degradation also led to emission of reddish light before mechanical failure,
which will give us an early warning. Should this prove unreliable, loss of coolant
flow will shut down the power supply anyway
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REQUIRED PPE
1. For all operations: safety glasses with side shield.
2. For filling the grafting chemicals: nitro gloves and lab coat in addition.

OPERATING PROCEDURES FOR EXCIMER LAMP FACILITY - FEL Lab 1
This facility is for attended operation only. "Attended" means that the operator is
at the enclosure operating and can reach all controls. Being in the room doing something
else is NOT attended operation.
The normal "resting" state is that a lamp is mounted and connections for RF
power, cooling water, filling gas and purge gas are in place. "Connections" includes a
ground separate from the power supply when one electrode is to be operated at ground
potential. The power supply is turned off, the water chiller is tinned off, and the filling
gas cylinder tank valves are closed. All gas lines are connected correctly.

NORMAL STARTUP
1. Verify that everything really is in the supposed resting state. This is particular
important as the lab is shared with multiple users. Check the connections and valves
for the nitrogen purging lines.
2. Materials and nitrogen blanket gas
a. Remove the outer light shield and attach the material to be treated to the
hanger. Check the position of detector head to assure the front surface of the
sensor coplane with the front surface of the material.
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b. Replace the light shield and tape up the openings to achieve a good purging.
c. Turn on nitrogen purging to the lamp closure interior. Check the hissing
sound to verify the flow. If it is not present, check upstream valves. Leave it
on until the experiment is complete.
d. Close up the mesh wire RF shield around the lamp closure.
e. Overnight purging may be necessary to minimize the amount of oxygen in
the system.
3. Turn on the water chiller. Verify that water is circulating and that there are no leaks.
Leave it on. Keep track of the recirculating water temperature in case desired cooling
capacity is not achieved (e.g. loss of house chill water supply).

NOTE: the water chiller MUST be running at all times during operation. Water should
enter at the bottom and leave at the top.

4. Introduce grafting chemical (optional). Add chemical into a bubbler, whose outlet
goes into the lamp closure. Turn on the carrier nitrogen. Adjust to desired flow rate
with the knob on the flow meter.
5. Fill the lamp with the desired gas (Steps a. and b. may be omitted if xenon was the
previous filling gas.)
a. Establish purge N2 supply. Slowly turn on the nitrogen purging line and
check the flow rate at the exit bubbler. When no nitrogen flow is detected,
check the valves upstream, i.e. the valves at the house nitrogen outlet.
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b. After purging for about 10-20 mins, turn off purging, switch lamp gas inlet to
Xenon gas supply.
c. Open the Xenon gas cylinder tank valve and observe that the regulator shows
pressure. Note what fraction of the original pressure remains as an indicator
of gas consumption.
d. Open the needle valve downstream of the regulator allowing flow to begin.
Adjust to obtain a modest rate of discrete bubbles in the exit bubbler. After 5minute flow, adjust to maintain slow bubble rate (<1 bubble/s).
6. Supplying RF power- Be sure to be familiar with the manual.

NOTE: This document does not substitute for the power supply manual. Get the manual
out and use it.

a. Verify that the connections are in place, secure and not near anything.

NOTE: This is high voltage electric power and could deliver a lethal shock.

b. Set up the power supply for the expected load impedance according to the
power supply manual. If the load impedance is not known, follow the default
procedure in the manual.
c. Turn on the transformer main switches.
d. Turn on the RF power supply.
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e. Turn voltage output dial counter-clock wise to increase the output voltage till
the discharge appears. Further increase the output voltage to achieve desirable
UV output. Keep track of the output current.

NORMAL SHUTDOWN
1. Shut off the power supply, then the transformer box.
2. Turn off carrier nitrogen for the grafting chemicals.
3. Close Xenon tank valve. Make sure tight. (Xenon is a very expensive gas.)
4. Switch lamp filling line to nitrogen. Purge till the lamp completely cool down.
(This step may be omitted if xenon is anticipated to be the next filling gas.)
5. Shut off the Neslab cooling water circulator

EMERGENCY SHUTDOWN
Push the red crash button on the RF power supply and then shut off the
transformer box switch.
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